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ABSTRACT 


Two  composite  solid  propellant  combustion  experi¬ 
ments  aimed  at  further  elucidation  of  combustion  mechanism  are  reported; 
one  deals  with  burning  surface  photomacroscopy ,  the  other,  with  low 
pressure  combustion  and  oxidizer  particle  size  influences  on  it. 

The  first  investigation  involved  photography  of  the  surfaces 
of  1/4  inch  square  polysulf idr-ammonium  perchlorate  (unmetallized)  pro¬ 
pellant  strands  during  combustion  in  a  coaxially-flowing  nitrogen  en¬ 
vironment.  Intense  electronic  flash  illumination  was  used  to  render 
the  luminosity  of  the  flame  photographical xy  negligible,  and  the  exter¬ 
nally-lighted  surface  was  thereby  viewed  obliquely  through  the  propellant 
flame  zone  at  up  to  seven  times  magnification.  Apparatus  is  described 
in  detail,  and  an  appendix  of  first-order  analytical  studies  of 
resolution-"depth-of-f ield"  tude-off  i.i  photomacroscopic  systems  is 
included.  Useful  combustion  pressures  for  high  resolution  surface 
photography  of  burning  strands  were  found  to  be  limited  to  less  than 
about  500  psig,  due  to  increasing  ca’"bon  continuum  radiation  and  the  image¬ 
degrading  temperature  inhomogeneities  of  the  flame  zoi  at  higher 
pressures.  Observations  on  polybutadlene-acrylic  acid -ammonium  perchlorate 
and  polyester-ammonium  perchlorate  propellants  indicated  an  even  lower 
pressure  limit  on  high  resolution  burning  surface  photomacrography. 

Results  Include  single  frame  black-and-white  photographs  displaying 
the  combustion  of  the  large  oxidizer  particles  of  a  bimodal  blend 


within  crater-like  surface  depressions  and  cloud-like  haze  patches  over 
some  individual  large  oxidizer  particles.  Liquid-phase  agglomerates 
were  also  photographed  when  potassium  perchlorate  was  substituted  for 
ammonium  perchlorate  in  the  polysulfide  propellant. 

The  second  investigation  dealc  with  the  dependence  of  the  sub- 
atmospheric  pressure  burning  rates  of  1/4  inch  square  strands  of  ammonium 
perchlorate  (polybutadiene-acrylic  acid  and  polysulfide,  unmetallized) 
propellants  on  pressure  and  oxidizer  particle  size.  An  apparatus  pro¬ 
viding  for  burning  rate  determination  by  sequence  photography  of  the 
strands  burning  in  an  essentially  stagnant  nitrogen  environment  is 
detailed,  and  burning  rate  versus  pressure  results  are  reported  for  two 
propellants  containing  narrow,  unimodal  oxidizer  cuts  with  mean  particle 
sizes  of  13  and  165  microns.  On  the  basis  of  these  and  the  earlier  data 
of  Bastress,  it  is  suggested  that  mass  diffusion  may  be  an  insufficient 
basis  for  an  explanation  of  particle  size  effects  in  composite  propellant 
combustion  and  that  current  analytical  formulations  of  mass  diffusion 
concepts  are  not  supported  by  the  observed  trends  of  burning  rate  data 
at  low  pressures.  Several  possible  alternatives  to  mass  diffusion  expla¬ 
nations  of  particle  size  effects  are  mentioned  and  include  locally  unsteady 
burning  and  the  particle  size  dependence  of  anmxinium  perchlorate  thermal 
decomposition.  In  the  light  of  this  study  using  a  nearly-stagnant  environ¬ 
ment  a  different  apparatus  arrangement  providing  a  coaxial  purge-flow 
erv  ronraent  was  judged  necessary  for  low  pressure  flame  spectroscopy  or 
:  ,  furface  photography  because  of  optical  interference  by  the  white 

smoke  typically  produced  during  low  pressure  combustion. 
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CllAPTEK  I 

INTRODUCTION 


In  the  midst  of  a  large  body  of  publishea  experimental  data 
on  the  many  aspects  of  the  combustion  of  composite  solid  propellants 
appears  a  r~  siderable  discussion  and  presentation  of  theories  regard¬ 
ing  the  steaoy-state  combustion  mechanism  of  these  propellants.  Several 
reviews  have  been  directed  at  surveying  the  status  both  of  these  com¬ 
bustion  mechanism  theories  and  of  the  associated  experimental  results 
bearing  upon  them  (5)  (6)  (7)*.  While  it  is  not  the  aim  of  this  thesis 
to  deal  directly  and  in  detail  with  these  various  hypotheses  of  burning 
mechanism,  nonetheless,  some  mention  of  them  serves  to  clarify  the 
aspects  of  combustion  mechanism  dealt  with  herein.  Not  considered  here 
are  the  several  propellant  theories  involving  homogeneous  propellant 
models  despite  possible  and  suggested  application  of  these  theories  (35) 
to  composite  propellants  with  either  so-called  "inert”  binders  or  those 
with  separately-reactive  binders. 

Current  theories  of  solid  propellant  combustion  mechanism 
deal  almost  exclusively  with  the  prediction  of  the  propellant  burning 
rate  (linear  regression  rate  of  the  burning  surface)  as  a  function  of 
combustion  pressure.  The  ballistic  implications  of  such  a  relation  between 
mass  rate  of  combustion  and  chamber  pressure  are  well  known  (8)  (34)  (36), 
The  various  heterogeneous  propellant  burning  rate  theories  deal 
v-'tu  several  important  physical  processes  and  combine  these  within  the 
following  phenomenological  view  of  the  romburtion  process;  Gas-phase 


*Numbers,in  parentheses  refer  to  references  listed  on  page  74 


reaction  of  fuel  and  oxidizer  initially  unmixed  and  streaming  separately 
from  the  burning  surface  serves  as  a  source  for  heat  feedback  to  the 
surface;  this  heat  feedback  provides  energy  to  support  gasification 
and  any  endothermic  reaction  in  the  solid  phase  and  at  the  surface. 

The  heat  feedback  also  serves  to  raise  the  propellant  from  its  initial 
sensible  enthalpy  level  to  a  higher  level  corresponding  to  Che  higher 
temperature  of  the  burning  surface. 

In  the  sense  that  heat  transfer  is  presumed  to  be  the  mechanism 
of  flame  propagation  into  the  solid,  the  various  composite  propellant 
burning  theories  are  so-called  "thermal  theories"  of  flame  propagation. 

In  the  sense  that  heat  release  through  gas  phase  reaction  is  assumed 
to  depend  upon  mixing  of  gaseous  reactants  (which  are  initially  unmlxed 
at  the  burning  surface),  the  theories  are  largely  for  so-called  "diffusion 
flames"  either  controlled  by  the  rates  of  mass  diffusion  transverse 
to  the  burning  surface  (as  contrasted  to  control  by  chemical  reaction 
rates)  or  at  least  strongly  influenced  by  such  diffusion  rates.  The 
sole  exception  to  this  is  the  oxidizer-decomposition-controlled  model 
of  Chaiken's  theory  (2). 

In  the  face  of  the  obvious  difficulties  and  complexities 
encountered  in  any  attempt  at  complete  analytical  description  of  the 
composite  propellant  combustion  zone,  current  burning  rate  theories 
deal  with  postulates  of  simplified,  controlling  processes,  i.e.,  heat 
feedback  by  conduction  only  (either  quasl-one-dimensional  (1)  (4), 
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two -dimensional  (3),  or  three-dimensional  (2))with  either  gasification 
and  diffusion  controlling  (1),  chemical  kinetics  controlling  (2),  or 
a  combination  of  chemical  kinetics  and  diffusion  (4)  controlling  heat 
release. 

Analytical  treatments  in  current  composite  propellant  theories 
typically  deal  with  gas  phase  processes  via  the  equation  of  energy 
conservation  in  a  convective  Tlow  field.  Expressions  for  burning  rates 
as  functions  of  pressure  particle  size,  flame  temperature,  etc.  are 
determined  either  by  use  of  an  integrated  energy  equation  form  wherein 
energy  conservation  at  the  plane  of  the  burning  surface  is  expressed  in 
in  terms  of  mass  flux,  surface  and  flame  temperatures,  and  flame  stand-off 
distance  from  the  surface  (1)(2)(4)  or  by  actual  integration  of  the 
appropriate  differential  equation  for  energy  conservation  in  a  flow 
field  with  given  temperature  and  composition  boundary  conditions  both 
at  the  surface  and  downstream  at  infinity  (3).  In  all  cases  the  dimensional 
scale  of  solid  phase  Inhomogeneity  (say,  mean  oxidizer  particle  size) 
is  Introduced  into  the  energy  '’quation  formulations.  Typically,  this 
scale  of  Inhomogeneity  is  related  to  flame  stand-off  distance  from  the 
surface  (quasl-one-dimensional,  concentrated  flame  zones)  or,  in  more 

I 

general  terms  (for  non-concentrated,  multi-dimensional  flame  zones), 
to  the  characteristic  physical  scale  of  the  gas  phase  temperature  profile. 

This  relation  is  typically  the  result  of  considering  either  diffusion 
resulting  from  gas  phase  composition  heterogeneity  (1)(3)(4)  or 

i 
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burning  surface  configuration  (2) (3).  Inherent  in  all  treatments 
is  the  modeling  of  the  burning  surface  in  some  simple  manner  which  is 
not  justifiable  a  priori  but  is  only  supportable  in  the  light  of 
experimental  observations.  Further,  in  all  cases,  the  burning  surface 
temperature  enters  the  energy  equation  either  as  a  constant  or  as  a 
dependent  variable  determined  by  simultaneous  solution  of  the  energy 
conservation  equation  and  pyrolysis  rate  expressions*  for  burning 
surface  gasification  rate. 

One  quickly  observes  in  the  light  of  the  preceding  comments 
that,  at  least  in  conjunction  with  extant  theories  (and  probably  in 
any  theory  of  composite  propellant  combustion  which  is  to  account  for 
propellant  heterogeneity  effects  on  burning  rate),  two  aspects  of  the 
combustion  process  are  of  particularly  profound  importance.  These  are 
the  physical  and  chemical  nature  of  the  burning  surface  and  the  physics 
of  the  gas  phase  mixing  process. 

The  importance  of  the  burning  surface  and  consequently  of  at 
least  a  partial  knowledge  of  its  nature  in  composite  propellant  combus¬ 
tion  is  apparent.  Physically,  its  importance  is  that  of  a  reactive  phase 
interface  with  composition  inhomogeneity  which  forces  gas  mixing  prior 
to  reaction  in  the  gas  phase.  Further,  the  burning  surface  represents 
an  obvious  physical  boundary  in  the  midst  of  the  rone  affected  by  com¬ 
bustion.  The  composition  discontinuity  across  the  surface  determines 

*  These  rate  expressions  have  generally  been  of  the  Arrhenius 
form. 
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CboCh  chemically  and  physically)  the  nature  of  the  reactan^  inputs 
to  the  gas  phase  flame.  Mathematically,  the  burning  surface  is  of 
obvious  Import  as  a  boundary  of  the  presumed  major  reactive  region 
(the  gas  phase).  In  any  differential  treatment  of  the  gas  phase  state 
the  surface  must  be  specified  as  a  boundary  condition  in  terms  of 
transverse  temperature  and/or  composition  profiles  and  gradients.  Like¬ 
wise,  integral  treatments  of  the  propellant  flame  must  include  specifica¬ 
tion  of  at  least  thermal  gradients  at  the  surface  and  mass  flow  from 
the  surface  in  order  to  treat  energy  and  overall  mass  conservation  in 
the  flame  zone. 

Similar  to  the  burning  surface,  the  subject  of  the  gas  phase 
mixing  of  fuel  and  oxidizer  has  a  justifiably  essential  place  in  current 
theories  of  composite  propellant  combustion.  Visual  and  photographic 
observation  of  the  combustion  of  such  propellants  (at  any  but  the  lowest 
combustion  pressures)  has  indicated  Inhomogeneity  in  the  gas  phase  (see, 
for  example,  references  ( 13)  (1^)  (16)  ( 1'’)  (24)  (25)(37)  (38)  (46))  .  The  impli¬ 
cations  of  this  inhomogenlety  on  reactive  heat  release  and  consequent 
thermal  flame  propagation  as  described  above  are  obvious.  Experimental 
burning  rate  measurements  indicate  oxidizer  particle  size  effects  which 
also  suggest  mixing  influences.  Mathematically,  inhomogeneity  in  the  gas 
phase  reactive  region  necessitates  the  introduction  of  two  or  three 
dimensional  mass  diffusion  formulations  into  either  differential  or 
integral  treatments  of  the  composite  propellant  combustion  situation. 


As  might,  therefore,  be  expected,  the  various  characterizations  of 
gas  phase  mass  diffusion  effects  in  composite  solid  propellant  combus¬ 
tion  mechanism  theories  are  quite  diverse. 

This  thesis  describes  two  researches  into  the  nature  of:  first, 
the  burning  surface,  and  second,  the  effects  of  Inhomogcneities  on  composite 
solid  propellant  combustion.  It  deals  with  the  development  of  a  photo¬ 
graphic  research  tool  for  gaining  needed  insigl.tr  into  the  nature  of 
the  composite  propellant  burning  surface  and  with  some  results  of  the 
use  of  this  technique.  Further,  it  describes  burning  rate  measurements 
on  composite  propellants  burning  at  low  pressures  which  constitute  an 
extension  of  previous  researches  into  diffusive  influences  on  composite 
propellant  combustion.  These  two  aspects  of  the  overall  combustion 
picture  are  dealt  with  separately  in  the  following  two  chapters  and 
experimental  results  are  presented  for  each  case.  These  results, 
while  not  comprehensive,  do  serve  to  establish  clearly  the  feasibility 
of  meaningful  photographic  studies  of  the  propellant  burning  surface 
and  to  promote  a  more  careful  consideration  of  diffusive  influences  in 
composite  propellant  combustion. 


CHAPTER  II 


COMPOSITE  SOLID  PROPELLANT  BURNING  SURFACE  PHOTOGRAPHY 
n ,  Background 

There  are  a  number  of  interesting  aspects  of  the  nature  of  a 
solid  propellant  burning  surface  with  respect  to  combustion  mechanism 
and  burning  rate  theories.  Insight  into  some  of  these  various  aspects 
is  CO  be  expected  from  reasonably-high-resolution  photographic  studies 
oi.  the  surface. 

Surface  shape  has  been  involved  both  in  mathematical  characteriza¬ 
tions  of  the  surface,  e.g.,  the  "two-temperature"  surface  of  the  Nachbar 
"sandwich"  model  (3),  and  also  in  attempts  at  qualitative  description 
of  burning  rate  details,  e.g.,  the  surface  "waviness"  observed  by 
Bastress  and  postulated  by  him  to  relate  to  particle-size-induced 
plateau  burning  effects  (9). 

Questions  of  phase  of  the  surface  material  arise  with  some 
oxidizers  and  fuels,  e.g.,  KCIO^  oxidizer  or  polyurethane  fuel  (10). 

These  question  t elate  to  such  matters  as  physical  mixing  of  reactants 
before  gasification  and  change  in  gas  phase  scale  of  inhomogeneity  due 
to  material  agglomeration  at  the  surface. 

Further,  the  actions  and  effects  of  numerous  propellant 
additives  including  catalysts  and  metal  particles  have  been  either 
observed  or  postulated  to  depend  on  surface  phenomena.  For  example 
such  effects  as  protrusion  from  surface  into  flame  zone  (11) (AO)  and 
surface  agglomeration  of  fine  metal  particles  (12)(17)  are  of 


considerable  Interest  and  are  amenable  to  investigation  by  burning 
surface  photography.  Other  interesting  aspects  of  the  burning  surface 
include  the  intermittent  and  unsteady  combustion  of  discrete  oxidizer 
particles  and  the  physical  appearance  of  the  surface  as  evidence  of 
sub-surface  reaction  in  the  solid  phase.  From  these  numerous  and  interest¬ 
ing  considerations,  one  is,  therefore,  led  to  investigate  the  possibility 
of  applying  photographic  techniques  to  observations  of  the  propellant 
burning  surface. 

While  considerable  previous  work  involving  photog-  phy  of 
burning  solid  propellant  and  of  extinguished  solid  propellant  surfaces 
has  been  reported,  up  to  this  time  little  concerted  effort  has  apparently 
been  made  to  observe  the  burning  surface  itself  during  combustion. 

Such  work  as  has  been  reported  involves  one  of  three  approaches,  i.e., 

such  low  resolution  surface  observation  as  is  possible  via  flame  illumination 

itself  (10),  profile  observation  via  backlighting  of  very  thin  propellant 

strands  (13),  or  relatively  low  resolution  photography  of  surfaces  via 

external  artificial  light  sources  (10).  Without  exception  previous 

efforts  have  had  serious  limitations  due  to  the  abnormality  of  the 

burning  situation  In  which  surface  observations  are  made. 

In  those  cases  where  flame  luminosity  serves  as  the  light 
source  for  surface  photography,  it  is  generally  difficult  to  observe 
the  surface  except  near  an  edge  of  the  burning  sample.  Likewise, 
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observations  on  very  thin  propellant  samples  force  observations  on  the 
sample  edge  where  combustion  may  be  quite  abnormal  as  compared  with 
Che  central  portion  of  a  large  sample.  Edge  effects  as  Indicated,  for 
example,  by  the  dependence  of  burning  rates  (measured  by  combustion 
of  small  strands  of  propellant)  on  sample  size  (14)  can  be  important 
in  distorting  the  combustion  process  by  various  means  such  as  heat 
loss  from  the  solid  phase,  mixing  of  ambient  gases  with  the  flame  zone 
immediately  above  the  propellant  sample,  etc.  Thus,  both  surface 
observation  by  self  illumination  and  by  profile  views  of  thin  samples 
have  a  serious  drawback  in  leaving  the  observer  uncertain  of  how 
well  his  observations  really  characterize  the  surface  of  a  normally- 
burning  propellant  sample. 

Past  efforts  at  photography  of  burning  propellant  surface  via 
artificial  light  sources  likewise  raise  serious  questions  regarding 
validity  of  Che  observations  made.  To  date,  in  each  situation  fdiere 
artificial  illumination  was  provided  for  photographic  observation, 
the  continuous  light  sources  used  were  of  such  intensity  as  to 
allow  ignition  of  the  nropellant  sample  solely  by  the  radiant  energy 
flux  of  this  Illumination  (10)  (15).  Clearly,  the  radiant  energy 
influx  inherent  in  such  illumination  affects  the  combustion  process  and 
Che  burning  surface  structure  to  an  indetermlnant  extent.  This  fact 
must  cast  serious  doubts  on  surface  observations  swde  under  such 


circumstances 
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Further  comments  on  previous  att<?mpts  at  burning  surface 
photography  may  be  made  with  respect  to  the  resolution  of  surface 
detail.  Previous  efforts  may  be  roughly  classified  into  two  types: 
those  involving  relatively  low  magnification  (up  to  about  two  times) 
with  relatively  large  depth-of-field  (10)(12)(15)(i7)  and  tnose 
involving  relatively  high  magnification  (from  ten  times  to  twenty  times) 
and  small  depth-of-field  (13) (16).  No  previous  work  of  this  sort  at 
intermediate  magnifications,  say,  three  to  ten  times  is  known. 

The  first  of  these  types  of  past  photographic  effort  has  the 
di6advan...ge  of  yielding  observations  on  only  grossest  structure  of 
the  burning  surface  to  an  extent  that  will  be  made  clearer  in  later 
portions  of  this  thesis.  Though  gross  features  are  of  interest  with 
respect  to  some  aspects  of  surface  phenomena,  e.g. ,  metal  additive 
agglomeration,  it  is  certainly  desirable  to  attain  higher  resolution 
for  study  of  other  aspects,  e.g.,  oxidixer-fuel  surface  configuration. 

The  second  type  of  photographic  studies  (high  magnification, 
low  depth-of-field),  while  providing  greater  resolution  of  detail, 
suffers  from  decreased  depth-of-field  such  that  frequently  only  regions 
with  dimensions  of  the  same  order  of  magnitude  as  a  typical  oxidizer 
particle  size  are''in-focua'l  Further,  it  is  this  second  type  which 
typically  has  the  thin  sample  edge  effect  uncertainty  described  above. 
Thus,  it  is  appropriate  to  seek  to  develop  a  better  photographic 


-11- 


system  for  burning  surface  photography  not  only  because  of  the  previously- 
described  effects  of  sample  configuration  and  artifical  illumination, 
but  also  because  of  resolution  vs.  depth-of-f ield  considerations. 

B.  Eacperimental  Program 
1.  Approach 

The  basic  concept  from  which  the  research  program 
described  in  this  chapter  ^rev  is  that  of  photographically  viewing 
the  burning  surface  using  an  artifical  light  source  for  illumination. 
This  light  source  should  be  of  such  intensity  that  the  photographic 
effect  of  flame  illumination  is  negligible  under  the  photographic 
exposure  conditions  used.  This  concept  also  included  a  configuration 
minimizing  the  possiblity  of  observations  of  uncertain  validity 
because  of  edge  effects  and  light  source  radiant  energy  effects. 

2*  Concept  Feasibility 

To  evaluate  the  feasibility  of  the  photographic  technique, 
an  experiment  was  carried  out  in  which  strands  of  solid  propellant 
were  photographed  while  burning  at  atmcspherlc  pressure  in  a  stream 
of  nitrogen  gas.  The  experimental  arrangement  is  depicted  in 
Figure  1. 

For  this  preliminary  experiment,  existing  equipment 
was  usei  which  limited  the  magnification  on  the  film  to  five  times 
actual  size.  The  casiera  used  was  a  35  mm.  single  lens  relfex 
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equipped  with  an  apochromatic  f/1.8  lens  and  extension  tubes. 

Figure  2  is  a  photograph  of  a  typical  composite  propellant  contain¬ 
ing  a  relatively  coarse  ammonium  perchlorate  oxidizer  and  was 
taken  with  the  apparatus  of  Figure  1.  While  Figure  2  and  other 
similar  photographs  constituted  oi:ly  a  preliminary  test  of  the  concept, 
it  was  apparent  that  the  depth  of  field  and  spatial  resolution 
obtainable  offered  encouragement  for  further  efforts. 

Placement  of  an  electronic  flash  gun  sufficiently 
close  to  the  burning  strand  made  ample  light  intensity  available, 
even  though  the  nominal  aperture  setting  was  the  largest  possible 
with  the  apparatus  used  (f/22).  The  use  of  an  electronic  flash 
as  the  sourc  of  illumination  had  the  added  advantage  of  limiting 
the  exposure  time  to  about  1/lOOOth  second,  thus  providing  time 
resolution  of  the  moving  burning  surface  similar  in  order  of 
magnitude  to  the  spatial  resolution  sought. 

On  the  strength  ol  successful  photographs  such  as  that 
of  Figure  2,  the  following  experimental  program  to  allow  surface 
photography  at  higher  resolution  and  over  an  appreciable  range  of 
combustion  pressures  was  initiated. 

3.  Apparatus 

Since  the  relation  between  combustion  chamber  pressure 
and  propellant  burning  rite  is  a  major  Interest  in  composit« 


-13- 


solid  propellant  combustion,  burning  surface  observations  at  different 
pressures  are  desirable.  To  this  end,  a  pressure  vessel  and  compatible 
optical  system  were  required, 
a.  Optical  Strand  Burner 

The  following  pressure  vessel  specifications  allowing 
comprehensive  burning  surface  photography  were  considered  in 
selecting  the  optical  strand  burner: 

1.  Pressure  range  from  sub-  or  at  least  atmospheric 
to  approximately  2000  psia. 

2.  Provision  for  ignition  of  the  propellant  inside 
the  pressure  vessel. 

3.  Optical  windows  appropriate  to  both  photography 
and  auxiliary  lighting  requirements,  e.g,,  an 
oblique  or  normal  view  of  the  burning  surface 
itself  was  required  rather  than  merely  a  profile 
view. 

In  order  to  eliminate  the  need  for  applying  a  restrictive 
coating  to  the  propellant  sides  (which  would  obscure  the  view 
of  the  burning  surface),  a  continuously -purging  chimney-type 
propellant  strand  burner  selected  for  this  investigation. 

The  burner  used  was  a  modification  of  an  existent 
propellant  strand  burner  equipped  with  slot  windows  in  the 
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axial  direction.  The  primary  burner  modification  required 
was  provision  for  an  inner  chimney  to  allow  more  uniform  gas 
flow  past  the  burning  propellant  and  assure  ease  in  cleaning 
optical  surfaces  open  to  possible  soiling  by  combustion  products. 
The  slot  vi-i-ov  -  of  the  burner  provided  a  range  of  directions  from 
which  to  supply  auxiliary  photographic  lighting  to  the  strand 
surface.  However,  because  of  the  chick  windows  required  for 
high  pressure  Containment,  attempts  to  view  the  strand  via  an 
optical  path  oblique  to  the  window  surfaces  suffered  from  excessive 

j 

distortion  in  photc^iraphic  image  quality  (particularly  consider¬ 
ing  the  high  level  in  resolution  desired  in  this  study).  Con¬ 
sequently,  a  novel  technique  for  igniting  the  propellant  strand 
was  developed.  This  technique  forced  the  propellant  surface  to 
burn  at  an  angle  to  the  bomb  windows  and  to  the  optical  axis  of 
the  photographic  system.  Since  the  burning  surface  tended  to 
direct  itself  during  the  combustion  process  toward  a  plane  normal 
to  the  axis  of  the  strands,  the  surface  was  viewed  shortly 
after  ignition  (long  enough  after  ignition,  however,  to 
assure  the  end  of  ignition  transients  causing  variation  in  the 
shape  of  the  burning  surface). 

The  original  strand  burner  arrangement  provided  for 
purge  gas  inlet  at  the  bottom  of  the  burner  but  this  was  found 
to  produce  an  ejector  effect  v^ich  lowered  the  pressure 
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between  the  inner  chimney  and  burner  pressure  body.  This 
pressure  decrease  promoted  a  slight  leakage  of  product  gases 
from  inside  the  inner  chimney  to  the  annular  region  between 
it  and  the  pressure  windows.  Leakage  resulted  in  a  deposition 
of  soot  and  smoke  on  the  inner  surfaces  of  the  pressure  windows. 
In  the  final  arrangement  as  illustrated  in  Figures  3  and  4,  gas 
was  introduced  at  the  Cop  of  the  burner  and  forced  to  flow 
down  throug..  the  annular  passage  thereby  precluding  such  leakage, 
b.  Optical  System  ^ 

1.  "Depth-of -Field"  Versus  'Resolution" 

Preliminary  photographic  studies  (see  page  11) 
indicated  "depth-of -field"  to  be  a  major  influence  on  ^he 
apparent  usefulness  of  burning  surface  photographs.  That 
is  to  say,  visual  observation  of  projected  color  trans- 
pa  encies  and  enlargement^'  of  black-and-white  negatives 
sh^«red  only  a  narrow  region  of  the  obliquely-viewed 
propellant  surface  in  any  detail.^  Clearly,  this  effect 
had  to  be  accounted  for  in  attempting  rational  optical 


1.  This,  of  course,  only  reflects  what  photographers  know  well,  i.e.,  that 
wh’ ie  the  detail  ultimately  observable  through  enlargement  of  a  photograph 
of  a  planar  object  (located  at  a  photographic  systems  plane  of  perfect  focus) 
depends  solely  on  the  quality  of  the  film,  lense,  etc.,  detail  in  the  photo¬ 
graphic  image  of  a  non-planar  object  (of  finite  depth)  is  als’  influenced  by 
the  geometries  of  optical  image  formation.  Thus,  the  image  of  every  point 
of  an  object  is  not,  even  for  "perfect"  optical  systems,  a  point  but 
rather  a  finite  area.  The  visual  effect  of  this  area  is  attributed  (if 
the  human  eye  can  resolve  the  finite  dimensions  of  *"  e  area)  to  the 
subject  point's  being  "out -of -focus". 
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system  design  for  the  given  instrumentation  problem.  Thus 
it  was  obviously  not  sufficient  that  the  photographic  optical 
system  be  fabricated  from  components  capable  of  resolving 
small  detail  only  at  the  geometrical  plane  of  perfect  focus. 

It  was  required  further  that  the  resultant  object  depth  over 
which  such  a  detail  wac  "in  focus"  had  to  exceed  the  actual 
dimensions . 

Rather  than  consider  "depth-of-f ield"  in  the  classical 
photographic  sense,  it  appeared ^rational  to  consider  resolution” 
as  the  combined  result  of  both  geometric  ("depth-of-f ield") 
effects  and  non-geometric  (diffraction,  optical  aberration, 
film  grain,  etc.)  effects.  Such  treatment  was  expected  to  sub¬ 
stitute  for  the  classic  calculated  "depth-of-f ield"  values  a 
functional  relationship  between  resolved  detail  and  displace¬ 
ment  from  the  plane  of  perfect  focus.  This  result  would 
be  in  contrast  to  the  typical  photographer's  definition  of 
"depth-of-f ield”  as  that  single  object  displacement  from  the 
plane  of  perfect  focus  which  results  in  an  arbitrary  resolved 
detail  scale  (with  actual  numerical  values  dependent  on  sub¬ 
jective  factors  e.g.,  degree  of  photographic  enlargement,  resolving 
power  of  the  human  eye,  perspective,  etc.), 
c.  Detailed  Description  of  Nitrogen  Purge  System 

Nitrogen  purge  gas  was  supplied  to  the  optical 
strand  burner  by  the  same  pressurizing  system  used  in  previous 
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scuditis  at  this  laboratory  (see  References  (9),  (26)).  The 
control  panel  for  the  nitrogen  flow  is  shown  in  Figure  5 

For  the  purposes  of  this  study,  nitrogen  purge  gas 
for  the  optical  strand  burner  was  routed  through  the  temperature 
conditioning  coil  of  another  strand  burner  before  being  admit¬ 
ted  to  the  optical  strand  burner.  This  arrangement  was  required 
for  two  reasons,  both  due  to  the  high  nitrogen  supply  pressure 
(2000  psig.)  at  the  control  panel.  In  being  throttled  at  the 
control  panel  from  a  high  supply  pressure  to  the  lower  pressures 
used  in  this  study,  the  purge  gas  was  found  to  be  cooled  sub¬ 
stantially.  This  cooling  caused,  first,  difficulty  due  to  con¬ 
densation  of  moisture  on  the  interior  window  surfaces  of  the 
burner  when  the  cooled  burner  interior  was  opened  to  the  atmo® 
phere  after  one  firing  and  in  preparation  for  the  next.  Further, 
it  was  felt  that  a  cold  purge  flow  environment  might  possibly 
result  in  lack  of  reproducibility  of  burning  due  to  the  varying 
times  of  strand  exposure  to  the  cold  purge  flow  during  normal 
burner  operation.  Hence,  the  conditioning  coil  was  inserted 
into  the  nitrogen  supply  system. 

Temperature  conditioning  of  the  ni..i-ogen  purge  gas 
was  accomplished  by  electrical  heating  of  the  ni.t:rogen  supply 
conditioning  coil  via  a  circulating  hot  water  both.  The  coil 
was  found  to  be  long  enough  that  nitrogen  emerging  from  it  was 
essentially  at  the  surrounding  water  bath  temperature  (which 
was  thermostatically  controlled  at  70*^F.).  This  fact  was 
established  for  the  range  of  flova  actually  used  in  this  study 
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by  immersion  of  a  thermocouple  in  the  gas  flov  between  the  con¬ 
ditioning  coil  outlet  and  the  optical  strand  burner  inlet. 

2.  Optical  System  Analysis  and  Results 

A  simplified  analysis  of  a  single  lense  photographic 
system  was  carried  out  in  order  to  determine;  the  minimum  scale 
of  resolved  object  detail  (d^)  a  function  of  primary  optical 
system  magnification  (M) ,  combined  film  and  optical  system 
scale  of  resolution  >  effective  F-stop  (F)^,  and  object 

displacement  from  the  plane  of  perfect  focus  (D>.  The  analysis 
was  aimed  at  determining  the  maximum  object  displacement  (D) 
from  the  plane  of  perfect  focus  for  which  object  detail  of 

scale  d  might  be  expected  to  be  recorded  on  the  film.  In 
m 

classical  photographic  terms,  this  corresponds  to  finding  the 
functional  relationship  between  "depth-of-field"  and  "circle-of- 
confusion"  where  this  "circle-of -confusion'  results  from  both 
geometrical  and  non -geometrical  effects  (and  is  considered  a 
variable)  and  where  2D  corresponds  to  a  pseudo-"depth-of-f ield". 

Two  facts  are  apparent  from  the  results  of  the  analysis 
which  is  described  in  detail  with  typical  numerical  values  in 
Appendix  A.  First,  it  is>;jplear  that  below  a  certain  dimensional 
object  scale  a  major  loss  in  the  amount  of  surface  viewed  in 
detail  is  the  penalty  paid  for  a  high  resolution  requirement. 

This  fact  is  empirically  apparent  qualitatively  to  anyone  who 
has  used  a  microscope.  Second  ,it  must  be  noted  that  a  fundamental 

^Effective  F-Stop«Fl(Hfl)Fnom. ,  where  FncMn^Homina I  F-Stop  of  lense. 
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llmitatlon  exists  in  that,  within  the  range  of  d  reasonably 

ID 

associated  with  small  oxidizer  particles  (say,  d  «  10  to  30 

m 

microns),  the  distance  over  which  such  resolution  is  possible 
(2D)  may  easily  be  of  the  same  order  as  d^  itself. 

3.  Optical  System  Details 

In  the  light  of  the  factors  discussed  above  and 

associated  calculations,  the  optical  system  shown  schematically 

In  Figure  5  was  constructed.  Baslcrlly  the  optical  system 

consisted  of  a  4"  x  5"  view  camera  body  with  two  2"  diameter 

black  felt-lined  extension  tubes  of  16"  and  30"  lengths  as  well 

as  appropriate  lens,  shutter,  and  film-holding  adapters^,  the 

complete  assembly  was  mounted  on  an  optical  bench  and  directed 

at  the  propellant  strand  burner  as  Indicated  In  the  figure. 

The  lens  used  was  an  enlarging  lens  of  100  mm.  focal 

length  with  diaphragm  aperture  openings  nominally  between  f/5.6 

and  f/45.  This  quality  enlarging  lens  was  chosen  because  of 

Its  correction  for  non-infinite  object  distance,  and  it  was 

mounted  In  revt.rse  to  Insure  operation  close  to  its  design 
2 

conditions  .  Its  100  mm.  focal  length  chosen  to  suit  the 


1.  Though  the  apparatus  was  built  with  a  capability  for  burning  surface 
cloamacrography,  motion  pictures  were  not  attempted  in  this  study. 

2.  Higher  quality,  so-called  "process'  lenses  with  correction  for  non- 
Inflnite  object  distance  arc  conercially  available.  These  lenses 
arc,  however,  typically  designed  for  use  at  quite  low  magnification 
(frequently  unit  magnification).  It  was,  therefore,  felt  that  an 
enlarging  lens  (typically  designed  for  isagnlficatiotts  In  the  range 
desired)  probably  offered  a  better  alternative  lens  choice. 


range  of  magnifications  desired  and  the  access  available  to  the 
optical  strand  burner  (nearest  approach  approximately  4  1/2 
inches).  An  Iris  shutter  with  synchronization  for  electronic 
flash  up  to  shutter  speeds  of  1/500  sec.  was  mounted  behind 
the  lens.  Electronic  flash  synchronization  at  high  shutter 
speeds  was  required  in  order  to  minimize  flame  radiation 
photographic  effects  while  still  allowing  photographic  observa¬ 
tion  of  the  burning  surface  via  electronic  flash  lighting. 

The  4"  X  5"  camera  body  with  bellows  and  interchangeable 

extension  tubes  provided  ease  of  focussing  and  an  appreciable 

« 

range  of  possible  magnifications.  It  further  allowed  use  of 
diverse  film  emulsions  and  formats  via  interchangeable  sheet 
film  holders,  a  Polaroid  film  back,  and  a  33  ran.  single 
lens  reflex  camera  body  mounted  on  an  adapter  plate.  Focussing 
was  accomplished  using  either  the  33  ran.  reflex  camera  body 
viewing  system  or  a  ground  glass  screen  mounted  in  the  image 
plane. 

c.  Photographic  Light  Source 

Careful  consideration  was  given  to  the  problem  of 
choosing  a  light  source  iu  supply  the  necessary  level  of  lllunina- 
tion  to  the  strand  surface  and  allow  photographs  of  the  burning 
surface  to  be  taken  through  the  propellant  flame.  Major  initial 


concerns  were  the  short  exposure  times  required  to  render  burning 
surface  motion  negligible  during  exposure  and  the  high  levels 
of  illumination  required  to  render  flame  emission  photographically 
negligible. 

For  a  propellant  burning  rate  of  1  inch/second 
(high  combustion  pressure),  calculations  show  that  exposure  times 
of  the  order  of  100  uilcro^ec.  are  necessary  to  stop  motion  of  the 
burning  surface  effectively  at  to  lOX  magnification.  Shorter 
exposure  times  than  this  are  readily  obtained  with  spark  and  electronic 
flash  tube  sources.  Exposure  time  was,  therefore,  not  deemed  to 
represent  a  major  obstacle  to  light  source  choice  unless  it  became 
one  in  conjunction  with  illumination  level  requirements. 

Analysis  of  preliminary  photographic  results  (Section 

B*-2  above)  indicated  that  the  luminous  flux  required  from  the 

2 

photographic  light  source  was  approximately  10  lumens/cm  /  exposure 
at  the  strand  surface  in  order  to  allow  use  of  color  and/or  high- 
resolution  black-and-white  films  with  SX  to  lOX  oMignif ication  on 
the  film.  This  requirement  has  two  aspects  of  particular  importance: 
first,  the  basic  problem  of  accomplishing  surface  illumination 
at  a  relatively  high  level,  and  second,  the  implications  that 
such  a  high  level  radiant  energy  (lux  may  have  on  the  combustion 


process. 


/ 
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The  ultimate  illumination  level  available  from  a 
light  source  depends  on  its  size  and  brightness.  A  source's 
"effective"  size  may  be  increased  by  the  use  of  reflectors, 
focussing  optics,  etc.,  but  only  within  the  limits  set  by  geometri¬ 
cal  and  physical  optics  considerations.  The  brightness  of  a 
source  cannot  be  Increased  optically.  More  specifically,  the 
radiant  energy  flux  which  can  be  provided  at  a  single  point 
(infinitesimal  area)  in  space  depends  only  on  the  geometrical  solid 
angle  through  which  energy  is  incident  on  the  point  and  on  the 
brightness  of  the  illumination  sc  -ce.  This  solid  angle  of 
incidence  depends  on  the  effective  size  of  the  source. 

Though  the  effective  source  size  (solid  angle  of 
illumination  at  the  lighted  object)  may  be  increased  by  optical 
means,  it  may  also  be  decreased  by  optical  "stops"  between  the 
source  and  the  illuminated  point  or  area;  such  was  the  case  with 
the  slot  window  optical  strand  burner  used  in  the  photographic 
studies  Involved  here.  The  geometrical  solid  angle  available 
for  strand  lighting  was  limited  due  to  the  relatively  narrow 
slot  windows  of  the  burner.  Source  brightness,  therefore,  effectively 
limited  available  illimiination  and  near-maximum  Illumination  level 
(for  this  configuration)  was  achievable  with  relatively  high  bright¬ 
ness  (SSOO^’k  color  temperature),  low  total  energy  per  flash  (30 
watt-second)  electronic  flash  tube  and  reflector.  Coomwrcial 


flash  tubes  do  not  typically  operate  at  higher  brightnesses  than 
than  corresponding  to  about  6500°K.  color  temperature.  Therefore, 
without  specially  built  lighting  equipment,  the  capability  of 
the  modebt  source  used  in  these  studies  could  not  be  expected  to 
be  appreciably  improved  upon.  Fortunately,  in  both  numerical  estimate 
and  use,  this  source  was  found  practical  for  the  photographic  efforts 
described  in  this  study. 

Only  attempts  at  cinema crography  or  higher  magnification 
single- frame  photography  were  anticipated  to  require  careful,  source, 
limited  (rather  than  window  limited)  illumination  system  design 
(in  the  first  case,  because  of  the  low  energy  flash  light  outputs 
of  high  repetition  rate  electronic  flash  light  sources,  and  in  the 
second  case,  due  to  the  higher  required  illumination  level).  The 
flash  source  used  was  found  to  operate  with  an  effective  flash  duration 
of  about  500  microseconds  which  proved  amply  short  considering 
the  relatively  low  propellant  burning  rates  to  which  surface 
photography  was  Kmited  by  other  problems  (see  page  2^), 

Analysis  showed  chat  illutoination  from  this  source  is  comparable 
to  or  slightly  greater  than  that  trhlch  mi^t  be  obtained  using 
a  carefully-designed  cineauitographic  flash  light  source.  Hence, 
with  respect  to  lifting,  the  single  ^rame  photographic  conditions 
and  results  reported  later  in  this  study  were  similar  to  those  to 
be  expected  from  multifraae  photography  involving  a  considerably 


more  coaqilex  light  source. 
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The  use  of  an  auxiliary  photographic  light  source 

for  even  the  relatively  low  magnification  (5X  to  lOX)  burning 

surface  photography  considered  here  is  restricted  by  the  possible 

^  r 

effects  on  propellant  combustion  of  the  high  radiant  energy  flux 

required.  If  en  appreciable  portion  of  this  energy  flux  is  absorbed 

by  the  propellant,  the  possibility  exists  of  seriously  altering 

the  nature  of  the  propellant  combustion  process,  thereby  invalidating 

observations  of  surface  structure  made  in  this  situation.  This 

fact  has  not  been  given  appropriate  consideration  in  some  of  the 

previous  photographic  investigations  of  propellant  burning.  As 

2 

mentioned  above,  a  luminous  flux  on  the  order  of  10  lumens/cm  / 
exposure  incident  on  the  burning  surface  was  found  to  be  required 
for  photomtcrography  with  low  speed,  high  resolution  films.  At 
a  typical  high  intensity  light  source  color  temperature  of  bSOo'^K. , 
this  flux  might  result  in  radiant  energy  absorption  by  the  pro¬ 
pellant  surface  (assuming  a  propellant  surface  emissivity  near  unity) 

2 

of  approximately  0.02  cal. /cm  /exposure.  A  siinple  criteriou  for 
judging  the  effect  of  this  flux  on  propellant  combustion  is  its 
quasi-steady  effect  on  surface  temperature.  Roughly: 

r  p  c  A  o  En 


(H-l) 
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where:  r  =  propellant  burning  rate 

p  =  propellant  density 

c  =  propellant  specific  heat 

AT  =  quasi-steady  change  in  propellant  surface 
^  temperature  due  to  radiant  energy  input 

E  =  energy  input/exposure 

n  =  exposures/sec. 

Considering  the  following  typical  values; 

r  =0.10  cm/sec. 

p  =  1.6  gm/cm^ 

c  =  0.4  cal/gm-^'C 

2 

E  =  0.02  cal/gm  /exposure 

then,  from  equation  (IT-l) 

n  =  3.2  A  (AT^  in  °K.) 

S  O 

This  indicates  chat  for  negligible  effects  on  combustion,  say: 

/\I  ^  100°  K  (high) 

s 

n  must  be  limited  to  approximately  320  exposures/sec.  Thus, 
the  application  of  high  speed  photography  Is  limited  by  the  maximum 
number  of  frames  which  may  be  exposed  before  the  necessarily 
high  artificial  light  flux  seriously  alters  the  combustion 

process.  This  liroit  may,  of  course,  brf  extended  by  use  of 

^It  is  interesting  that  320  exposures/second  would  result  (with 
an  incident  flux  of  0.02  cal./cm^  exposure)  in  a  time-averaged 
flux  of  6.4  cal./cm^/second.  This  flu  is  of  thr  same  order  as 
those  steady  radiant  fluxes  observed  by  Levy  and  Friedman  (22)  to 
affect  appreciably  the  deflagration  of  pure  «nunonium  perchlorate. 


higher  speed  film  and/or  lower  magnifications,  but  only  at  the 


expense  of  considerably  decreased  resolving  power. 

4.  Procedure 

a.  Strand  Preparation 

After  assembly  of  the  experimental  apparatus  described 
above  was  completed,  test  photographs  of  non-burning,  cut-surface 
propellant  samples  located  in  the  optical  strand  burner  were  made 
using  films  of  different  speeds  (and  resolution)^  and  varying  the 
optical  system  effective  f-stop  (aperture).  The  results  of  these 
tests  indicated  that  the  best  combination  of  resolution  and  depth 
of  field  for  35  mm.  photography  with  the  illumination  available 
were  obtained  with  Eastman  Kodak  Plua-X  film  (developed,  as  recom¬ 
mended  by  the  manufacturer,  in  Kodak  Microdol-X  developer)  and 
an  effective  f-stop  of  176  (nominal  f/22  at  7X  magnification). 

This  combination  was  quite  successfully  used  for  all  succeeding 
high  resolution  photographs  of  burning  strands. 

In  order  to  assure  an  oblique  photomacroscopic  view  of 
the  propellant  burning  surface  while  retaining  a  distortion- 
minimizing  optical  line-of-sight  (as  discussed  on  page  14  above), 
propell'^i.  strands  were  ignited  and  allowed  to  burn  on  a  bevell-'d 
surface  as  S'hown  in  Figure  5.  To  accomplish  thiSj  1/4"  square 
strands  of  about  4"  length  were  cut  with  a  bevel  (approximately 
45°)  on  one  end  and  a  length  of  Nichrome  igniter  wire  was  cemented 
^Eastman  Kodak  Panatomic  X,  Plus-X,  and  Tri-X;  Adox  KB- 14  and  KB'16. 
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to  this  surface  using  several  coats  of  butyl  acrylate  "dope". 

The  propellant  strands  were  restricted  from  burning  down 
the  strand  sides  by  leaching  the  ammonium  perchlorate  from  the 
exposed  strand  sides  before  cutting  the  bevel  on  one  end  of  the 
strand,  A  short  cold  water  rinse  was  used  to  leach  the  strands, 
and  excess  moisture  was  eliminated  after  the  leaching  process  by 
blotting  of  the  strand  sides  and  drying  in  air  for  a  few  minutes, 
b.  Flash  Synchronization 

In  order  to  photograph  strands  burning  at  high  rates  (at 
elevated  pressures),  it  was  necessary  to  synchronize  the  camera  shutter 
and  light  source  flash  with  the  passage  of  the  propellant  surface 
through  the  photographic  field  of  view.  A  photoelectric  trigger 
device  was  developed  to  sense  the  flame  luminosity  as  the  burning 
surface  passed  the  field  of  view.  Its  arrangement  was  as  is  shown 
in  Figures  5  and  6.  A  schematic  of  the  trigger  circuitry  used  is 
shown  in  Figure  7.  As  the  burning  surface  regressed  during  com¬ 
bustion,  it  was  imaged  by  the  sensor  assembly  cptics  at  about  5X 
magnification  on  a  plane  at  which  was  mounted  a  small  semoconductive 
photo-resistor  as  approximately  2  mm,  in  diameter  which,  in  the  5X  - 
magnified  burning  strand  image  plane,  corresponded  to  only  about 
400  microns  motion  of  the  burning  surface.  Thus,  this  trigger 
device  was  capable  of  suitable  reproducibility  in  triggering  oi  the 
optical  system  shutter.  Trigger  sensitivity  was  adjustable  to 
insure  that  stray  light  during  burning  did  not  trip  the  shutter 
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bofore  the  burning  surface  actually  entered  the  field  of  view  of  the 
photo-resistor.  Sensitivity  adjustment  also  allowed  compensation 
for  variations  in  level  of  this  stray  light  from  propellant  to 
propellant  and  in  flame  luminosity  as  pressure  was  varied. 

For  most  photographic  runs,  the  voltage  drop  across  the 
photo-resistor  was  monitored  by  Polaroid  photographs  of  an  oscil¬ 
loscope  trace.  This  assured  that  triggering  was  occurring  properly 
and  that  the  luminosity  profile  thus  recorded  appeared  to  be 
normal. 


c.  Firing  Procedure 

To  obtain  burning  surface  photomacrographs  the  following 
procedure  was  used. 

A  prepared  strand  with  igniter  on  its  bevelled  end  was 
placed  in  the  optical  strand  burner  strand  holder  as  shown  in 
Figure  4  .  Continuity  of  the  igniter  leads  was  checked  before 

the  burner  was  closed.  Also,  before  burner  closing,  the  strand 
side  facing  the  photomacrosc<>pic  camera  was  focussed  on  either  a 
ground  glass  screen  (when  Polaroid  or  4"  x  5"  cut  film  was  being 
used)  or  in  Che  view  finder  of  a  35  ran.  single  lens  reflex  camera 
body  adapted  Co  the  pho Comacro scop ic  camera  body  (when  35  mm. 
frames  were  to  be  taken).  The  optical  strand  burner,  being  located 
on  a  Cable  equipped  with  horizontal  micrometer  screw  adjustment,  was 


then  moved  about  1/16"  so  that  a  portion  of  the  propellant  burning 
surface  interior  to  the  strand  side  originally  focussed  upon  would 
be  in  focus.  The  burner  was  then  closed,  nitrogen  flow  started, 
and  the  shutter  on  the  f hotoeleccx it  trtgge'  "scillc/sope 

camera  was  opened.  After  about  one  "linute,  igniti  '  was  ■'ccomplish- 
ed.  The  photoelectric  trigger  circuit  v.  manua]  Iv  .le.gized  very 
shortly  after  ignition  was  visually  apparenr  through  t'.t  optAC  i 
strand  burner  windows.  After  the  photoelectric  trigge-  l^.ud  the 
photomacroscop ic  camera  shutter  and  flash  lamp,  the  trigger  li^uic 
was  immediately  de-energized  by  interrupting  the  plate  circuit  of 
its  thyratron  (see  Figure  7),  and  the  shutter  on  the  trigger 
monitor  oscilloscope  was  closed.  The  propellant  strand  was  allowed 
to  burn  out  before  the  nitrogen  purge  flow  was  shut  off.  The  burner 
was  then  opened,  chimney  windows  were  removed  and  cleaned,  and 
another  strand  was  loaded. 


d.  Interference  by  Carbon  Continuum  Radiation 

A  major  problem  was  encountered  in  attempts  at  burning 
surface  photography,  i.e.,  masking  of  the  burning  surface  by  strong 
carbon  continuum  radiation  from  thermally-emitting  carbon  particles 
in  the  gas  phase  above  the  surface.  In  photographs  of  a  PBAA- 
ammonium  perchlorate  propellant  burning  at  low  pressures  (up  to 
about  100  pslg.),  the  surface  was  observable  through  the  flame 
luminosity.  Figure  8  shows  this  FBAA  ammonium  perchlorate  propel¬ 
lant  at  250  psig.  and  photographed  under  the  same  exposure 

conditions  as  those  which  had  allowed  a  view  of  the  surface  during 


at  100  psig.  This  Increase  in  flame  luminosity  and  consequent 
increased  masking  of  the  burning  surface  with  increasing  pressure 
was  particularly  evident  with  PBAA  propellants. 

The  observed  increase  in  flame  luminosity  with  increasing 
pressure  was  paralleled  by  an  increase  in  soot  deposits  on  the 
strand  burner  interior  after  each  run.  As  pressure  was  increased 
during  a  series  of  runs,  the  luminosity  appeared  first  in  the  photographs 
as  streams  or  jets  emanating  from  various  locations  over  the  entire 
burning  surface.  This  indicated  that  the  emission  was  not  a  result 
of  flame  quenching  by  the  relatively  cold  nitrogen  purge  gas  stream 
at  the  burning  strand  edges.  Substitution  of  air  as  a  purge  gas 
appeared  to  reduce  this  luminosity  only  negligibly.  Attempts  to 
alleviate  the  luminosity  problem  by  changing  oxidizer  mass  concen¬ 
tration  and  prticle  size  (and  distribution)  also  failed  to  yield 
major  decreases  in  flame  luminosity  although  increasing  oxidizer- 
fuel  ratio  did  result  in  a  slight  decrease  in  luminosity. 

The  use  of  «  fuel  binder  yielding  higher  propellent  flame 
temperature  resulted  in  a  significant  reduction  in  carbon  continuum 
radiation's  interference  with  surface  photography.  While  PBAA  and 
polyester-polystyrene  fuels  gave  evidence  of  considerable  carbon 
radiation  at  combustion  pressures  above  100  psig.,  a  ,  lysulfide 
propellant  allowed  views  of  the  burning  surface  at  pressures  up  to 
about  500  psig.  A  photograph  of  a  strand  of  a  polysulf ide-amnonium 
perchlorate  propellant  burning  at  300  psig.  is  shown  in  Figure  9  , 
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where  it  may  be  compared  with  a  similar  photograph  (same  exposure 
conditions)  for  che  previously-mentioned  PBAA  propellant.  Because 
of  the  wider  pressure  range  observable  with  the  polysulfide  binder, 
it  was  selected  for  immediate  study,  and  nearly  all  the  observa¬ 
tions  reported  in  this  study  are  derived  from  experiments  with 
polysulfide-aimnonlum  perchlorate  propellant. 


c. 


Results  and  Discussion 


Single-frame  photographs  of  burning  propellant  surfaces 
were  obtained  in  black-and-white  for  a  polysulfide -ammonium 
perchlorate^  propellant  with  bimodal  oxidizer  distribution  (see 
Table  1  tor  cor^positional  details).  Figures  11  and  12  show  detailed, 
enlarged  views  of  the  surface  reproduced  here  after  enlargement  to 
49X  from  15  mm.  frame':  taken  at  7X  magnification. 

The  following  obs'^rvatf ons  regarding  the  burning  surface 
are  based  on  a  limited  i, amber  of  photographs  but  serve  to  point  out 
the  detailed  observations  chat  can  bo  made  utilizing  the  technique 
described . 

1.  The  surf^oc  is  very  heterogeneous,  this  heterogeneity 

two  scales  presumably  due  to  the  bimodal 
Oxidize'-  dis.  rlbution  present. 

2.  A  --w  sarg-  cxidizer  particles  are  apparently  lying 

raih'-r  fr*;e  xi  the  burning  surface.  Even  fev^er  appear 
IT  oTist?!;':  -ai  ng  burning  at  higher  pressures  fsa;’ 
2(»0  o  jJO  -han  at  lower  (near  atmosph>  ri- ) 

pressii  -s.  l  i  almost  all  cases,  a  ’’haze"  ic  apparent 


1.  Several  low  resoiutivM  ixiotogi aphs  of  a  potassium  perchloratc- 
polysulfide  arooeliant  were  .lu  ?e  in  addition,  but  this  propellant 
was  not  observed  Ir.  1  Is  noteworthy,  however,  that  photo¬ 

graphs  of  this  prop  el, Indicated  the  presence  of  liquid  globules 
(of  approximattly  J  10  diameter)  much  larger  than  the  potassium 
perchlorate  i  self,  pT>o»-ograph  of  such  a  propellant’s  burning 
surface  vr*s-  obtained  end  w«s  apparent  both  that  liquid 
phases  can  be  identifit-d  tr(»«  single  frame  photographs  and  that 
agglomeration  may  r>c  stad*et.  bv  the  burning  surface  photography 
technique. 
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In  the  vicinity  of  each  large  particle.  This  "haze" 
is  not  self-luminous.  This  fact  was  established  by 
photographing  surfaces  under  the  same  combustion 
conditions  but  without  auxiliary  illumination.  All 
such  photographs  showed  little  or  no  image  of  such 
haze,  indicating  that  such  images  in  photographs  with 
auxiliary  light  were  caused  by  reflected  not  emitted 
light. 

3.  A  large-scale  crater-llke  surface  structure  is  apparent. 

Small  or  intermediate  bright  centers  (apparently  within 

the  crater  depression)  are  usually  observable  along  with 

such  individual  craters.  Within  some  craters,  there  is 

no  evidence  of  bright  areas  whatsoever.  Where  present, 

these  local  bright  areas  are  in  some  cases  fairly  distinct, 

/ 

while  in  others,  they  are  indistinct,  and  a  haze  like  that 
reported  above  is  apparent. 

4.  The  hazy,  cloud-like  appearance  soentioned  above  is  observed 

to  considerably  less  predominant  at  higher  pressures. 

It  is  considerably  less  apparent  at  100  psig  (Figure  12) 
than  at  20  psig  (Figure  11).  However,  the  phenomenon 
appears  to  be  observable  up  to  300  psig  (above  which  no 
photographs  were  taken) • 


5.  At  low  ^  >  .^re,  some  free-lying  perchlorate  crystals 

show  bright  spots  within  an  overall  haze  closely  hugging 
the  crystal. 

6.  Fine-scale  particle  structure  is  apparent  between  craters. 

It  is  presumably  due  to  small  perchlorate  crystals  lying 
partly  or  fully  exposed,  but  whether  the  small  crystals  are 
accompanied  by  a  small  scale  equivalent  of  the  large 
particle  craters  discussed  above  is  not  clear. 

On  the  basis  of  these  observations,  it  appears  that  several  diferent 
modes  of  surface  structure  are  present  in  the  combustion  of  polysulfide- 
bimodal  ansoonium  perchlorate  propellants  burning  at  pressures  between  atoio- 
spheric  and  500  psig. 

First,  some  large  oxidizer  particles  appmar  essentially  free 
on  the  surface.  These  have  also  appeared  on  early  photographs  of  propellants 
with  other  binders.  Their  presence  tfould  seem  to  be  due  to  fuel  pyrolysis 
at  such  a  rate  as  to  leave  large  crystals  without  surrounding  binder.  If  such 
is  the  case,  it  is  quite  reasonable  that,  under  the  action  of  gravity, 
these  free  crystals  will  "ride"  the  surface  during  its  regression  until 
finally  they  are  completely  consumed.  This  phenoownon  has  been  observed 
by  other  workers  (16)  . 

Second,  a  number  of  equally  large  oxidis^r  particles  appear  to 
pyrolize  faster  than  the  fuel  binder  leaving  craters  in  the  surrounding 
fuel-fine  particle  oxidizer  atatrix.  It  is  supposed  that  the  bright  spots 


appearing  in  these  craters  are  partially-pyrolized  perchlorate  crystals 
and  that  their  variation  in  size  may  be  accounted  for  by  variations  in 
the  extent  of  pyroly  is  of  the  individual  crystals  in  different  craters. 
This  suggests  that  the  observations  of  Bastresi.  >n  the  surface 

structures  of  extinguished  polysulf Ide-bimodal  amnonium  perchlorate 
propellant  probably  do  not  c’'aracter izc  the  propellant  surface  during 
combustion.  Specifically,  unless  the  higher  fuel  concentration  and 
slightly  different  bimodal  oxidizer  particle  size  distribution  of  Bastress* 
propellants  promote  gross  changes  in  burning  surface  structure,  it  can 
only  be  assumed  that  the  propellatt  surface  changes  during  the  extinguish- 
menc  process.  Further,  if  this  is  the  case,  one  is  led  to  question  the 
value  ol  other  workers'  observations  on  surface  structure  of  cxtlr  ashed 
propellant  samples  (40). 

Small  particles,  though  indistinct  in  the  present  photographs, 
indicate  less  evident  crater- like  surroundings  This  is  reasonable 
considering  size  influences  only,  and  it  is  not  yet  clear  to  what  extent 
Small  particles  may  pyrolize  in  a  different  local  environment  than  the 
larger  crystals.  Thus,  it  is  particularly  evident  from  the  photographs 
that,  at  least  In  the  case  of  large  oxidizer  particles,  a  time-unsteadlness 
of  "surface"  regression  occurs.  The  extent  to  ifhich  this  must  be  accounted 
for  in  burning  mechanism  theory  is  not  clear  a  priori  and  warrants  further 


investigation 


The  haze  obsexved  to  surround  a  number  of  large  perchlorate 
crystals  is  difficult  to  iuterpi'et  but  is  likely  to  bear  on  the  chemistry' 
of  oxidizer  pyrolysis  at  the  surface  and  may  be  characteristic  of  polysulfide 
binder  only.  The  cloud-like  appearance  is  not  likely  to  be  due  to  carbon 
particles  formed  as  intermediate  products  in  the  flame.  Observation 
of  the  haze  by  reflected  light  implies  a  high  reflectivity  (low  emissivity) 
for  it,  whereas  carbon  particles  w>uld  be  expected  to  exhibit  low 
reflectivities.  Color  photographs  have  shown  this  haze  to  be  white  or 
colorless. 

Operating  esqrerience  with  the  optical  strand  burner  in  which 
these  propellants  were  burned  indicated  chat  a  fine  white  smoke  deposit 
remains  after  firing  of  the  propellants.  More  smoke  is  deposited  on  the 
burner  interior  surfaces  at  low  pressures  (near  atmospheric)  than  at  higher 
pressures  (say,  300  psig.).  Although,  due  to  changing  purge  flow  conditions 
inside  the  burner  (with  changing  burner  pressure),  this  increases)  deposition 
does  not  necessarily  evidence  increased  production  of  this  smoke  at  low 
pressures,  the  increased  deposition,  in  paralleling  photographic  observa¬ 
tion  of  haze  near  the  surface,  may  be  significant.  Deposits  on  the 
burner  interior  surfaces  after  firing  of  these  propellants  have  not 
been  chemically-analysed  but  solutions  of  similar  smoke  deposits  (resulting 
from  sub-atmospheric  coad>ustion  of  both  PBAA  and  polysulfide  propellants) 
have  been  made  and  tested  for  ansDonium  and  chlorideions  with  positive 
results  in  each  case.  Thus,  it  appears  that  the  smoke  deposits  are  at  least 
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partially  ammonium  chloride.  Ammonium  chloride  smoke  might  quite 
reasonably  be  expected  to  be  formed  during  strand  burning  in  a  relatively 
cold  nitrogen  environment.  Cold  surroundings  introduce  the  possibility 
of  quenching  of  intermediate  combustion  species  at  the  strand  edges. 

Since  flame  zone  dimensions  are  expected  to  decrease  with  increasing 
pressure,  the  admixing  effect  involved  in  quenching  may  be  expected  to 
be  less  at  higher  pressures,  thereby  explaining  the  decreased  deposi¬ 
tion  of  smoke  on  strand  burner  interior  walls  at  hi,^,her  combustion  pressures. 
The  fornntior.  of  ammonium  chloride  can  easily  be  explained  chemically  by 
considering  the  chemistry  of  the  combustion  situatio:  .  Ammonium  perchlorate 
decomposition  involves  the  release  of  ammonia  molecules  into  the  gas 
phase  ( 49  ) ,  and  HCl  is  a  known  product  of  ammonium  perchlorate-oxidized 
solid  propellant  combustion.  The  spatial  coexistence  of  these  two 
species  in  the  propellant  flame  zone  is,  therefore ,  virtually  certain,  and 
edge-effect  quenching  of  the  two  is  likely  to  rcsi-';  in  ammonium  chloride 
precipitation. 

The  simultaneou.s  formation  of  white  smoke  thought  to  be  ammonium 
chloride  and  a  white  "haze"  apparent  in  burning  surface  photographs  raises 
the  question  of  whether  the  haze  or  "clouds'*  might  not  also  be  ammonium 
chloride  formed  as  a  product  or  intermediate  in  the  am'.ionium  perchlorate 
pyrolysis  or  in  the  fuel-oxidizer  radox  reaction.  Kvo.ntual  disappearance 
of  the  smoke  in  the  convective  field  immediately  a:  < 


he  propellant 


-38- 


surface  (resulting  in  cloud-like  foraations  rather  than  streams  of 
Sdioke)  is  attributable  either  to  convective  and/or  diffusive  dispersion 
or  to  thermal  decomposition  (or  sublimation)  in  the  higher  temperature 
regions  of  the  flame  zone.  It  appears  unlikely,  however,  that  this  near¬ 
surface  haze  is  anmonium  chloride.  The  low  sublimation  temperature  of 
ammonium  chloride  v-35°C.  at  1  atm.)  (39)  makes  it  difficult  to  rationalize 
the  formation  or  the  presence  of  condensed  ammoniam  chloride  wi'-hin  a 
gas  phase  which  is  probably  over  500°C.  (composite  solid  propellant  surface 
temperature  measurements  are  typically  near  or  above  this  temperature  (42)), 
The  fact  that  these  clouds  were  not  observed  in  preliminary  photographs 
of  propellants  with  fuels  other  than  polysulfide  while  white  strand  burner 
depoSi  ions  have  been  observed  at  sub-atmospheric  pressures  with  various 
fuels  further  sug).^sts  that  the  smoke  deposited  on  strand  burner  interiors 
and  the  near -surface  clouds  need  not  be  of  the  same  composition.  Polysulfide- 
AP  propellant  combustion  at  low  pressures  already  appears  to  be  somewhat 

i 

unusual  in  the  light  of  recent  experiments  at  this  laboratory  involving 
"flame-less"  combustion  at  subatmospheric  pressures  (48).  It  is  therefore 
quite  possible  that  the  white  smoke  clouds  observed  in  photographs  of 
the  burning  surface  of  poiysulfide  propellant  are  similarly  unique,  but 
further  elucidation  of  the  nature  of  these  clouds  is  not  offered  at 
this  time. 

Considering  the  possible  importance  of  the  white  haze  or  clouds 
near  the  burning  surface  at  low  combustion  pressures  with  polysulfide 
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propellant,  it  would  appear  that  low  pressure  combustion  may  represent 
?  chemically  different  burning  mechanism  regime  than  that  of  higher  pressures. 
This  is  particularly  possible  in  the  light  of  so-called  "flame-less  " 
combustion"  mentioned  in  the  discussion  above.  It  is  recoimiended  that  a 
useful  first  step  toward  further  understanding  of  this  possibi.lity  could 
be  made  by  more  careful  chemical  analysis  and  investigation  both  of  the 
white  smoke  formed  during  strand  burning  experiments  and  of  the  gaseous 
products  of  combustion  formed  during  low  pressure  burning.  This  should 
be  carried  out  with  respect  for  the  fact  that  the  observed  smoke  may  be 
solid  ammonium  chloride,  condensed  ammonium  perchlorate  following  sublimation  , 
or  a  mixture  of  the  two.  The  possibility  of  its  being,  at  least  in  part, 
condensed  ammonium  perchlorate  is  particularly  interesting  with  respect 
to  the  combustion  mechanism  implications  of  such  a  vapor  pressure-controlled 
subliraation-recondensation  process. 

C.  Conclusions  and  Recommendations 

It  must  be  concluded  on  the  basis  of  the  results  presented  above 
that  the  technique  described  herein  for  burning  surface  photography  has 
demonstrated  considerable  promise  for  elucidating  the  nature  of  the  solid 
propellant  burning  surface  and  its  place  in  overall  mechanism  of  solid 
propellant  combustion.  Several  interesting  burning  surface  observations 
have  been  made,  and  there  is  every  reason  to  believe  that  extension  of 
these  observations  to  different  fuel-oxidizer  combinations  and  to 
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additive-containlng  propellants  can  yield  other  valuable  Insights  into 
agglomeration,  liquid  phase  effects,  etc.,  on  the  burning  surface.  The 
technique  has  been  proven  and  tried,  and  a  logical  recoiiiE&''ndation  is 
that  it  be  used  to  extend  observations  into  new,  interesting  areas. 

A  noteworthy  extension  of  the  work  reported  here  would  be  the 
development  of  a  light  source  appropriate  to  sequential,  multi-frame 
photography  of  the  burning  surface.  Although  single  frame  photography, 
such  as  that  dealt  with  here^  is  valuable,  the  dynamics  of  metal  agglomeration 
and  oxidizer  particle  pyrolysis,  for  example,  can  really  only  be  studied 
photographically  by  successive^  time-resolving  photographs  of  a  given 
area  on  the  propellant  surface.  It  is  quite  likely  that  a  light  source 
suited  to  this  purpose  can  be  developed  reasonably  economically,  and 
this  would  allow  worthwhile  extension  of  the  above  proven  feasibility 
of  high  resolution  burning  surface  observations  in  a  normal  combustion 
situation. 

It  further  appears  promising  to  extend  photographic  surface 
observations  to  "artificial"  systems  as  well  as  practical  propellants. 
Investigation  of  systems  of  the  sort  utilized  by  McAlevy  (41)  (which 
employ,  for  example,  burning  packed  beds  of  fuel  or  oxidizer  particles 
with  oxidizer  or  fuel  gas,  respectively,  passed  through  them)  may 
provide  valuable  insights  into  solid  fuel  and  oxidizer  pyrolysis 


processes. 
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CHAPTER  III 

COMPOSITE  SOLID  PROPELLANT  BURNING  STUDIES 
AT  LOU  PRESSURES 

A.  Background 

Solid  propellant  burning  rate  and  combustion  mechanism 
studies  at  low  pressures  (near  and  below  atmospheric)  are  of  interest 
for  several  reasons. 

Low  pressure  combustion  is  a  major  interest  with  respect  to 
mass  diffusion  processes  which  result  from  composite  propellant  heterogeneity 
In  the  solid  phase.  Earlier  In  this  study  the  extent  to  which  current 
burning  rate  theories  call  upon  mass  diffusion  concepts  and  formulations 
was  pointed  out.  Diffusion  flame  concepts  depend  on  the  assumption 
that  chemical  kinetic  reaction  rates  are  so  fast  that  the  supply  of 
reactants  to  the  flame  reaction  zone  limits  the  overall  rate  of  reaction 
and  heat  release.  It  has  already  been  pointed  out  that  all  current 
theories  of  composite  propellant  combustion  Involve  such  diffusion 
controlled  (or  at  least  diffusion  Influenced)  combustion  regimes.  Since, 
in  general,  mass  diffusion  processes  occur  faster  a**  lower  pressures 
while  chemical  reactions  occur  more  slowly.  It  is  clear  that  low  combustion 
pressures  constitute  approach  to  a  limiting  combustion  regime.  Hence, 
a  reasonable  approach  to  testing  the  validity  of  postulated  diffusive 
combustion  mechanism  concepts  is  to  study  propellent  combustion  at  such 
low  pressures  as  can  be  attained  without  exceeding  the  typical  low  pressure 
deflagration  limits  of  solid  propellants.  This  procedure  should  allow 


extension  or  modification  of  previous  experimental  obs'^rvations  and 
theoretical  formulations  related  to  particle  size  effects  on  composite 
propellant  burning  rate. 

Low  pressure  solid  propellant  combustion  is  also  of  interest 
for  another  irnpor*  -inc  reason  Since  chemical  reactions  are  generally 
slower  at  lower  pressures,  it  is  common  for  the  time  and  distance  scale 
of  c  flame  zone  co  increase  with  decreasing  pressure.  This  expectation 
is  borne  out  by  flame  zone  observations  over  pressure  ranges  above 
atmospheric  pressure  (see,  for  example,  reference( 19)) .  Thus,  flame 
zone  structure  studies  by  photographic,  spectroscopic,  fir'd  thermometric 
methods  are  facilitated  by  low  combustion  pressures.  Low  combustion 
pressure  studies  of  flame  zones  must,  however,  be  made  with  cognizance 
that  controlling  chemical  kinetic  reaction  steps  and  product  gas  cun' 
positions  may  change  with  pressure.  This  possibility  has  been  esL'abllshe.d 
for  example,  in  ammonium  perchlorate  decomposition  and  deflagration 
studies  (18).  Thus,  although  flame  structure  studies  are  experimentally 
convenient  at  low  pressures,  care  must  be  taken  in  attempting  to 
extrapolate  experimental  observations  to  higher  pressures. 

Another  reason  for  interest  in  low  pressure  solid  propellant 
combustion  studies  is  the  so-called  "low  pressure  deflagration  limit". 
Typically,  deflagration  of  solid  propellants  cannot  be  effected  at 
arbitrarily  low  pressures.  Each  propellant  appears  to  have  a  limiting 
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low  pressure  at  which  combustion  ceases.  This  pressure  has  been 
termed  the  "low  pressure  deflagration  limit  and  has  been  investigated 
theoretically  (20)  (21)  and  experimentally  (11)(14)(22)  for  propellant 
systems.  To  date,  however,  the  physical  and/or  chemical  causes  of  the 
limit  are  uncertain.  It  is  obvious  that  "low  pressure"  in  the  deflagration- 
limit  sense  need  not  imply  sub-  or  even  near  atmospheric  pressures  since 
some  propellants  reportedly  experience  a  low  pressure  limit  at  rather 
high  absolute  pressures  (e.g.,  22  atm.  for  pure  ammonium  perchlorate) 

(22).  Many  practical  propellants  do,  however,  exhibit  such  a  limit 
near  or  below  atmospheric  pressure.  As  with  other  "abnormal"  combustion 
situations,  propellant  combustion  near  this  deflagration  limit  is  of 
interest  not  only  in  itself  but  also  for  the  insights  it  may  provide  into 
the  mechanism  of  more  "normal"  combustion  at  higher  pressures. 

B.  Previous  Subatmospheric  Composite  Propellant 
Combustion  Studies 

Few  experimental  subatmospheric  composite  propellant  com>> 
bustion  studies  have  been  carried  out.  Of  these  only  the  work  of 
Webb  (23),  Silla  (24),  Powling  and  Smith  (25),  and  Barrcre  and  Nadaud 
(46)  appear  in  the  unclassified  literature.  A  summary  of  the  burning 
rate  data  from  these  sources  is  shown  in  Figure  13. 

The  results  of  Webb  show  burning  rates  for  strands  of 
20%  polyester-polystyrene  -  80%  ammonium  perchlorate  propellants 
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with  two,  broad,  unlmodal  oxidizer  particle  size  distributions; 
one,  coarse  (approx.  120  micron  mean  particle  size)  and  one,  fine 
(approx.  16  micron  mean  particle  size).  Webb's  results  extend  down¬ 
ward  in  pressure  to  6.5  psia  and  are  from  experiments  carried  out 
In  a  stagnant  nitrogen  environment. 

Sills's  results  are  for  strands  of  a  propellant  of  the 
same  fuel  and  the  same  fuel-oxidizer  mass  ratio  as  Webb's  hut  with  a 
bimodal  oxidizer  particle  size  distribution  of  unreportcd  particle 
size.  Burning  rates  were  measured  by  Silla  between  2.5  psia  and  atmospheric 
pressure  in  what  apparently  was  a  near-stagnant  environment  with  a 
pressure  controlling  bleed  and  a  small  vacuum  pump  connected  to 
the  vacuum  burner. 

Fowling  and  Smith  report  data  for  burning  rates  of  pressed 
pellets  containing  107,  parafor^'aldehydt^  907,  ammonium  perchlorate 
between  approximately  2  psia  ai.J  atmospheric  pressure. 

Barrere  and  Nadaud's  results  arc  for  two  unidentified 
propellants,  one,  metallized  and  one,  unmatallised;  with  unspecified 
sample  dimensions  and  test  configuration. 

C.  Previous  Studies  Of  Particle  Size  Effects  In  Composite 
Solid  Propellant  Combustion  At  Low  Pressures 

Before  1961  little  comprehensive  experimental  research  on 
oxidizer  particle  size  effects  in  composite  solid  propellant  was 
reported.  In  both  the  classified  and  the  unclassified  literature,  the 
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particle  size  effects  reported  deal  largely  with  variation  of  coarse 
and  fine  oxidizer  proportions  in  the  widely-used  bimodal  oxidizer 
blends,  e.g.  (26).  In  the  few  instances  where  propellants  contain¬ 
ing  unimodal  oxidizer  distributions  were  studied, oxidizer  was  used 
(as  ground)  in  very  widely-distributed  unimodal  samples  (4)(23)(26). 
Particle  sizes  were  rarely  measured  and  carefully  recorded  in  such 
studies. 

The  work  of  Bastress  (9)  in  1961  probably  represents  the 
first  systematic  and  comprehensive  investigation  of  particle  size 
effects  in  composite  propellant  combustion.  Bastress  investigated 
burning  rates  with  both  propellant  strands  and  rocket  motors.  He 
also  observed  the  surfaces  of  strands  extinguished  by  sudden  depressuriza¬ 
tion.  The  propellants  used  featured  several  different  fuels,  narrow 
and  broad-cut  unimodal  oxidizer  fractions  between  9  and  265  microns 
mean  particle  size  as  well  as  some  bimodal  oxidizer  fractions,  varying 
oxidizer  loadings,  and  varying  degrees  of  fuel  polymerization. 

Host  of  Bastress*  investigations  were  performed  with 
a  35%  polysulfide  -  65%  ammonium  perchlorate  propellant  containing 
narrow,  unimodal  oxidizer  cuts.  The  results  of  burning  rate  measurements 
on  these  propellants  burning  at  pressure  between  13  and  1800  psla. 

(as  well  as  some  observations  on  extinguished  propellant  surfaces) 
led  Bastress  to  delineate  several  different  combustion  regimes  determined 
by  combustion  pressure  and  mean  oxidizer  particle  size.  These  regimes 
as  postulated  by  Bastress  are  shown  in  figure  14.  Some  of  his  burning 
rate  curves  are  shown  in  figure  15  with  a  cross-plot  in  Figure  16. 
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A  similar  cross  plot  is  shown  in  F Igurc  17. 

Bastress  discussed  his  observed  particle  size  effects 
at  the  lower  pressures  of  his  experimental  range  largely  with 
reference  to  the  "granular  diffusion  flame"  theory  of  Summerfield  (4). 
The  burning  rate  data  Bastress  reports  for  polysulfide-ammonium 
perchlorate  propellants  were  analyzed  with  respect  to  the  Summerfield 
burning  rate  expression: 


-  -  a  +  bPj  (III-l) 

Values  of  the  parameter  "b"  (which  is  experr*»«<  to  vary  with 

oxidizer  particle  size)  are  presented  by  Bastress  as  varying  with  the 

mass  mean  particle  size  as  shown  in  Figure  18.  These  values  of  the  parameter 

2/3 

were  obtained  from  a  plot  of  p/r  vs.  p  as  shown  in  Figure  19. 

As  has  been  pointed  out  previously  (6),  Equation 

in  practice  a  correlation  equation  based  on  similarity  concepts.  The 

"chemical  kinetic"  parameter  "a"  and  the  "dif fusional"  parameter  "b" 

in  Equation  III-l  may  be  derived  in  terms  of  the  pertinent  variables  of 

the  combustion  situation.  Analytical  expressions  for  these  parameters 

at  best,  however,  contain  factors  involving  currently  unknown  propellant 

chemical  kinetic  effects  and  the  unknown  mass  of  gas  phase  oxidizer  or 

fuel  "pockets"  ("granults")  caused  by  solid  phase  heterogeneity.  It 

is  not  surprising,  therefore,  that  numerical  values  of  the  parattmter 

"b"  (which  derives  from  mass  diffusion  effects  dependent  on  the  scale 

of  the  solid  phase  heterogeneity)  have  not  been  completely  reconcilable 

* 

with  numerical  value  estimated  from  analytical  expressions  for  "b"  . 


*  This  point  has  been  discussed  at  some  length  but  with  inconclusive 
results  (27) . 
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Numerical  estimates  of  "b'require  assumption  of  the  relation  between 
oxidizer  particle  size  and  the  scale  of  gas  phase  heterogeneity,  a 
relation  which  is  not  at  all  clear  either  £  priori  or  even  a  posteriori. 
This  difficulty  in  actually  predicting  the  values  of  parameters  "a" 
and  "b"  does  not,  however,  constitute  a  decrease  in  the  usefulness 
of  Equation  Ill-l  as  a  correlative  tool.  It  does  make  clear,  however, 
that  other  means  must  be  sought  to  check  the  validity  of  the  similarity 
concepts  employed  in  deriving  it. 

As  Hastress  comments,  the  values  of  "b"  he  obtained  were 
for  different  pressure  regions  for  each  of  the  different  oxidizer  particle 
sizes  (as  indicated  on  Figure  19),  i.e.,  from  about  15  to  50  psia. 
for  the  largest  particles  size  to  about  50  to  200  psia,  for  the  smallest 
particle  size.  These  pressure  regions  and  particle  sizes  correspond 
to  chose  indicated  as  bascress'  combustion  regime  map  (Figure  14). 

If  particles  size  effects  are  primarily  due  to  mass 
diffusion  ptienomena,  they  should  disappear  or  at  least  tend  to  decrease 
stronglv  as  combustion  pressure  is  decreased.  In  this  light,  there 
are  two  aspects  of  Bastress*  data  to  be  considered:  the  first,  qualitative, 
and  the  second,  quantitative. 

First,  as  is  apparent  from  Figure  16,  at  pressures  less 
than  about  200  psia,  and  for  particle  sizes  under  20  to  60  microns, 
the  burning  rate  of  pulysulf .de-aasnonium  perchlorate  propellant  is 
apparently  insensitive  to  oxidizer  particle  size.  The  sifiatlon 
is  somewhat  less  clear  regarding  polyester-polystyrene  propellants 


(see  Figure  17).  Nonetheless,  a  measure  of  qualitative  substantiation  of 
pustulated  niass  diffusion-controlled  particle  size  effects  can  be 
considered  to  be  established  by  this  trend  toward  insensitivity  to 
particle  size.  The  extent  of  verification  of  the  postulated  mechanism 
remains,  however,  somewhat  uncertain  especially  due  to  a  lesser  observed 
trend  with  the  second  fuel  type  and  due  to  scatter  in  the  data 
(both  random  and  systematic)  for  the  first  fuel  type. 

It  might  further  be  expected  qualitatively  that  increases 
in  propellant  combustion  pressure  should  load  to  increased  particle 
size  dependency  if  mass  diffusion  is  the  phenomenon  involved  in 
particle  size  effects.  That  is,  increasid  combustion  pressure  should 
first,  render  small  particles  of  effect  similar  to  larger  particles 
at  lower  pressures  and  second,  nndir  the  heterogeneity  resulting 
from  smaller  and  smaller  particles  moto  and  more  influential  when 
superimposed  on  the  typically  taster  reaction  kinetics  of  hint  or 
pressures.  Qualitatively,  this  trend  is  kibsorvable  but  not  strongly  so 
in  the  data  of  Figure  lo  where  only  mild  increases  in  slop*-  occur 
at  n  given  particle  size  with  pressure  incriascs  of  more  than  ar, 
order  of  magnitude.  Contrary  to  t  uc  prcv  ious  1  y -*l  i  sc  ussed  v*>mpar.;t  i  v*- 
trends  toward  Insensitivity  .it  sncil*  particle  sizes  with  Bisiriss' 
two  n-opellant  fuel  types, more  pressure  effect  on  particle  .sis* 
influences  is  evident  in  the  polveMer-polvstyrene  data  ol  Figure 
17  than  in  the  data  of  Figur*-  in. 
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Tin  s  difference  in  trends  may,  however,  be  attributed  to  different 
regime  boundary  values  of  pressure  and  particle  size  for  the  two 
propellants  with  different  fuel  binders.  Hence,  the  different  com¬ 
parative  trends  are  probably  not  of  profound  importance  regarding  the 
mechanism  of  particle  size  effects.  Qualitatively,  therefore,  there  is 
some  measure  of  verification  of  the  importance  of  mass  diffusion  concepts 
in  composit<^  propellant  particle  size-burning  rate  relationships.  It 
is  questionk.^le,  however,  whether  such  qualitative  support  is  either 
useful  or  conclusive  with  respect  to  a  mechanistic  description.  Thus, 
it  is  valuable  to  consider  a  second  aspect  of  Bastress*  data. 

To  look  further  into  mass  diffusion  concepts  of  particle  size 
influences  than  simply  at  trends  toward  insensitivity  of  burning  rate  to 
particle  size  at  low  pressures  and  increasing  sensitivity  with  increasing 
pressure  requires  either  consideration  of  a  specific,  detailed  model 
or  diagnostic  data  from  special  burning  situations*.  At  present,  only 
one  moderately  successful  burning  rate  vs.  pressure  vs.  particle  size 
model  of  composite  solid  propellant  combustion  exists,  i.e.,  that  of 
the  "granular  diffusion  flame"  mentioned  above.  It  is  instructive, 
therefore,  to  look  further  into  particle  size  effects  on  burning  rate 
by  specific  reference  to  this  model. 


*.  I.e.,  attempts  to  test  the  effects  of  other  yeriebles  then  perticle 
size  which  ere  known  to  Influence  mess  diffusion  retes,  e.g. ,  the 
moleculer  weights  of  fuel  pyrolysis  products,  the  meen  tempereture 
in  the  ges  phese,  etc.  Unfortunately,  It  Is  not  Ijiown  to  whet  extant 
attempts  to  make  such  tests  would  evidence  effecte  other  then  that 
due  to  altered  mess  diffusion  alone. 
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The  (Jetell  of  the  ’’granular  diffusion  flame"  model  of 

composite  propellant  combustion  allows  a  look  beyond  qualitative 

trends  and  toward  quantitative  consideration  of  particle  size  effects. 

It  Is  at  this  point,  however,  that  liaotress'  data  became  difficult  to 

invoke  as  arguments  for  mass  diffusion  -  controlled  particle  size 

effects.  To  be  sure,  qualitatively,  the  data  of  figure  16  are 

consistent  with  the  prediction  of  the  "granular  diffusion  flane" 

model,  in  that  burning  rates  appear  to  become  insensitive  to  particle 

size  at  low  pressure.  However,  one  may  look,  by  use  of  this  particular  < 

model,  at  the  regime  just  before  particle  size  effects  appear  to 

vanish  and  one  may  test  whether  they  disappear  "fast  enough"  to  be 

compatible  with  the  model.  For  this  purpose,  reference  to  the  P/r 
2/3 

vs,  P  plots  of  Figure  19  is  useful.  These  curves  show  that,  as 
combustion  pressure  is  decreased,  particle  size  effects  remain  in 
effect  to  appreciably  lower  pressures  than  would  be  expected  on  the 
basis  of  "granular  diffusion  flame"  model.  The  cun^es  for  different 
particle  sizes,  rather  than  even  continuing  to  converge  at  the  same 
rate  in  the  "premixed  flame"  regime  as  in  the  "granular  diffusion 
flame"  regime,  actually  appear  to  tend  away  from  convergence  and  merge 
less  quickly  with  decreasing  pressure.  Thus,  in  terms  of  the  "granular 
diffusion  flame"  theory,  Bastress'  results  not  only  fail  to  confirm 
a  predicted  trent  but,  in  fact,  appear  contradictory  to  it. 

In  aummary,  then,  it  must  be  said  that  while  Bastress' 
results  lend  some  qualitative  support  to  mass  diffusion  phenomena  as 
a  basis  for  particle  size  effects  In  composite  solid  propellant  combustion, 
within  the  realm  of  the  most  successful,  current  mechanistic  model, 
they  do  not  do  so  quantitatively. 


-31- 


Ocher  studies  of  oxidizer  particle  size  influences  on 
composite  solid  propellant  burning  rate  are  chose  of  Sutherland  (27), 

Taback  (26),  and  Webb  (23)  (all  summarized  in  Reference  (4))  as  well 
as  those  by  Adams,  et.  al.  (28).  In  all  of  these  studies  oxidizer  particle 
size  distributions  either  were  broad,  unimodal  or  bimodal  ones,  or  were 
not  varied  over  a  large  particle  size  range.  Thus,  these  additional 
results  must  be  also  termed  inconclusive  with  respect  to  particle  size 
effects  on  combustion  mechanism.  Notonly  is  there  little  in  any  of 
the  results  to  support  concretely  any  of  the  current  burning  theories" 
concepts  of  the  influence  of  oxidizer  particle  size  via  mass  diffusion 
effects,  but  similar  to  the  results  of  Bastress,  these  results  hold 
up  sc  '6  indication  that  such  concepts  may,  in  fact,  not  apply  as  explanations 
of  particle  size  effects  in  composite  solid  combustion. 

With  regard  to  the  preceding  conments  on  experimental  observa¬ 
tions  of  particle  size  effects  and  particularly  in  the  light  of  those 
convnents  on  the  results  of  Bastress,  it  appeared  quite  valuable  to  extend 
particle  size  effect  observations  to  lower  pressures.  Considering 
the  extensive  experimental  program  of  Bastress,  it  was  thought  reasonable 
to  begin  this  extension  by  means  of  subatmoepheric  combustion  pressure 
experiments  with  propellants  of  the  same  formulations  as  those  of 
Bastress.  The  remainder  of  this  chapter  describes  the  development 
of  an  experimental  program  for  this  purpose  and  some  of  its  results. 
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D.  Expi-i.  i mental  Program 

1.  Scope  of  Work 

An  experiment*!  program  for  in.  ,stigating  the  sub- 
atmospheric  pressure  combustion  of  composite  solid  propellants 
was  undertaken,  prompted  by  the  observations  of  the  preceding 
discussion.  The  following  portion  of  this  chapter  reports  on 
the  development  of  a  suitable  apparatus  for  .sub-*i«-'nc.spheric  pressure 
burning  rate  oecerminations  and  on  the  results  and  observations 
obtained  from  it.  Experimental  experiences  are  reported  which 
suggest  modifications  of  the  apparatus  *-0  allow  complementary 
spectroscopic  and  photographic  observations. 

2.  Apparatus 

a.  Subatmospherlc  Pressure  Strand  Burner 

It  was  recognized  at  the  outset  of  this  program  that 
an  experimental  item  of  primary  interest  would  be  sub-atmospheric 
presriure  burning  rate  data, 

A  common  approach  to  propellant  burning  rate  determination 
is  that  of  burning  small  strands  of  propellant,  cigarette-fashion, 
in  a  stagnant-atmosphere,  large  volume  chamber  or  in  a  chimney-type 
burner  with  inert  gas  purge  flow  coaxi"!  with  the  strand,  Tliis 
approach  typically  Involves  constant  or  near-constant  chamber 
pressure,  and  requires  one  firing  for  each  point  of  a  burning 


rate-pressure  curve. 


In  the  interest  of  simplicity  and  ease  of  operation  and 

data  reduction  over  a  large  number  of  runs  as  well  as 

cost,  such  a  strand  burner  was  chosen  as  an  appropriate  burning 

rate  measurement  apparatus.  Also  bearing  on  the  decision 

was  the  matter  of  optical  accessibility  of  the  propellant 

burning  surface  and  flame  zone  for  photographic,  spectrograph! c, 

and  visual  observation. 

The  choice  between  a  stagnant  atmosphere  and  a  continuously- 
purging  strand  burners  was  made  in  favor  ot  the  essentially 
stagnant  environment  design  on  the  basis  of  ease  of  initial 
set-up.  The  hope  was  that  a  stagnant  propellant  sample 
environment  would  not  greatly  hinder  either  reproducible 
burning  or  optical  accessibility.  The  burner  as  constructed 
Included  provision  for  strand  mounting.  Ignition,  and 
purging  of  the  burner  cavity  of  air  and  is  shown  in  Figure  20. 

A  further  provision  beyond  that  expected  was  made  in  that 
a  small  low-velocity  purge  flow  of  nitrogen  coaxial  with  the 
propellant  axis  was  included  for  reasons  discussed  on  page  58. 

The  original  choice  of  an  essentially  stagnant  environment 
burner  was  made  as  a  result  of  the  vacuum  pumping  capacity 
required  of  a  purged  burner  system.  A  reasonable  approach 
to  determining  required  purge  flow  in  past  experiences  with 
chimney-type  strand  burners  has  been  to  attempt  to  match 
the  purge  flow  velocity  to  the  strand -burning 
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product  g«8  velocity.  Such  matching  has  been  found  to  minimize 
the  propellant  strand  restriction  required  to  keep  the  burning 
surface  from  spreading  dovm  the  strand  sides  and  also  to  minimize 
mixing  of  product  gases  with  the  cold  gas  environment  near  the 
strand.  This  velocity  can  be  shown  to  vary  essentially  as  (pressure)^  ' 
where  "n"  is  the  propellant  burning  rate  pressure  index.  Calculations 
indicate  that  this  velocity  may  be  on  the  order  of  80  ft. /sec.  at 
atmospheric  pressure  and  require  a  vacuum  pumping  capacity  of 
approximately  100  std.  ft.  /min.  near  atmospheric  pressure  for  a 
two-inch  diameter  burner  chimney  (though  a  smaller  diameter  chimney 
might  be  feasible,  it  was  that  a  decrease  below  a  two-inch  diameter 
would  introduce  considerable  risk  of  deposition  on  the  burner 
windows  required  for  observation  of  ti.r  burning  strands) ,  An 
investigation  of  water  and  steam  ejector  system  with  the  desired 
vacuum  pumping  capacities  was  made,  and  these  alternatives  were 
discarded  due  to  equipment  cost  and  primary  fluid  mass  flow  re¬ 
quirements.  Positive  displacement  vacuum  pumps  were  deemed  impractical 
for  preliminary  studies  due  to  the  complication  introduced  by  the 
high  mass-flow  product  gas  scrubbing  required  to  eliminate  the 
possibility  of  pump  damage  by  corrosive  combustion  products.  On 
this  basis,  therefore,  it  was  decided  to  assemble  the  essentially- 
stagnant  environment  system  as  Illustrated  in  Figure  20. 
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A  nitrogen  supply  system  and  vacuum  draw-down 
capability  as  shown  schematically  in  Figure  21  were  used 
in  conjunction  with  the  strand  burner  itself.  A  surge  tank 
was  provided  to  minimize  pressure  fluctuations  during  propellant 
combustion.  A  small  vacuum  pump  in  the  strand  burner  exhaust 
line  was  provided  to  maintain  constant  combustion  pressure  by 
exhausting  the  low- velocity  purge  flow  and  the  combustion 
products  during  strand  burning.  The  purpose  of  the  simple  sodium 
hydroxide  pellet  bed  shown  in  the  exhaust  line  (before  the  small 
pump)  is  that  of  minimizing  corrosive  vapors  entering  the 
mechanical  pump. 

Strand  ignition  was  allowed  for  by  the  inclusion\of 
electrical  lead-throughs  at  the  strand  burner  base  and  was 
provided  by  means  of  a  Nichrome  wire  threaded  through  a  hole 
near  the  top  of  the  strand.  A  24  v.d.c.  rectifier  supplied 
ignition  power. 

\ 

b.  Instrumentation 

A  photographic  system  was  used  for  measuring  strand  burning 

rates  and  is  shown  schematically  in  Figure  22.  The  system 

provided  for  burning  rate  measurement  by  photographically- 

recording  successive  images  of  the  burning  propellant 

strand  at  approximately  l.Zi  magnification  with  a  scale  grid^ 
and  stopwatch  face  superimposed  on  each  film  frame.  The 

beam  splitter  used  to  accomplish  this  superposition 
1 

*Io  minimite  the  interference  between  the  grid  scale  image 
and  the  superimposed  propellant  sample  image ,  a  whitc-on- 
black-background  grid  was  used.  This  grid  was  made  by  reflex¬ 
printing  standard  gr^ph  paper(ten-division8-to-the-inch)onto 
high-contrast  photographic  enlarging  paper. 
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of  images  was  made  by  vacuum  deposition  of  aluminum  on 
a  1/16"  thick  glass  plate.  A  trial-and-error  procedure 
was  used  to  determine  the  deposited  film  thickness  whi:;h 
gave  suitable  density  balance  between  flame  and  stop-watch 
and  scale-grid  images  on  the  filiu. 

Use  of  a  Beatty-Coleraan  data  recording  camera  with  fram¬ 
ing  rate  capability  as  low  as  two  frames  per  second  allowed 
simultaneous  recording  of  burning  surface  position  and  time  on 
35  mm  film.  The  framing  rates  actually  used  for  data  recording 
provided  about  twenty  successive  exposures  during  the  passage 
of  the  burning  surface  through  the  camera's  field  of 
view  (approximately  one-and-one-half  inches).  This  recct'»i.r„ 
technique  provided  monitoring  of  propellant  burning  and 
checks  on  the  steadiness  of  the  burning  surface  regression 
rate. 

The  standard  technique  of  burning  rate  determination 
by  measuring  the  time  period  between  melting  of  two  fusible 
timing  wires  (of  known  separation  along  the  strand  axis; 
was  not  used  for  burning  rate  determination  because  of 
a  reported  tendency  toward  irregular  fuse  wire  melting  at 
low  combustion  pressures  (low  burning  rates)  (44).  A  scries 
of  typical  burning  rate  record  photographs  of  the  type 
described  here  is  shown  in  Figure  23. 
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c.  Subatmospheric  Strand  Burner  Operation 

The  propellants  tested  for  sub-atmospheric 
pressure  burning  rates  included  two  251!,  polybutadienf - 
-cryiic  a-ji'J  (PBAA)  -  7511  ammonium  perchlorate  propellants 
with  narrow,  uniraodal  oxidizer  particle  size  distributions. 
Ammonium  perchlorate  of  13  micron  and  188  micron  mass  mean 
particle  sizes  was  incorporated  in  these  PBAA  propellants. 
Burning  rates  at  sub-atmospheric  pressures  were  also 
determined  for  a  351!,  polysulfide  (LP-3)  -  657,  ammonium 
perchlorate  propellant  of  48  micron  mass  mean  oxidizer 
particle  sizc^.  All  propellants  used  in  these  studies  were 
prepared  in  the  Princeton  University  Aeronautical  Engineer¬ 
ing  Department  Solid  Propellant  Processing  Laboratory  and 
were  cast  into  blocks  from  which  1/4"  square  strands  were 
cut.  Sides  of  the  approximately  4"  long  strands  were  in¬ 
hibited  (to  prohibit  flame  spreading  down  the  sides)  by 
dipping  once  in  a  5%  solution  of  VYLF  vinyl  resin  in  meth¬ 
ylene  chloride. 

The  stLdad  inhibition  technique  was  determined 

through  a  series  of  strand  combustion  teste  using  both  of 

the  PB.V.  propellants  described  and  a  number  of  different 

inhibiters  and  Inhibiter  coating  thicknesses.  Inhibiter 

coatings  generally  interfere  with  both  observation  of  the 
^Propellant  formulation  details  appear  in  Table 
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burning  surface  edge  and  with  observation  of  the  burning 
surface  itself.  Hence,  minimal  inhibition  was  found  to 
be  required.  Simple  leacliing  of  ammonium  perchlorate  from 
the  propellant  strand  sides,  however,  was  found  to  be 
ineffective  in  eliminating  flame  spreading  down  the  strand 
sides.  This  Spreading  was  evidenced  by  the  convex 
conical  burning  surface  observed  without  strand  inhibition. 
Such  conical  burning  surfaces  were  observed  (though  to  a 
lesser  extent,  even  with  inhibition  in  the  c.tsc  of  the  f ine- 
oxidizor  PBAA  propellant.  It  is  for  this  reason  that 
provision  was  made  in  the  strand  burner  for  a  relatively 
slow  nitrogen  flow  directov!  from  the  strand  h-'lder  b.isi 
up  .’long  the  burning  strand.  This  flow  was  tairly  '-■  .test;- 
ful  in  eliminating  conical  burning  surfaces  with  tin  fin*^ 
oxidizer  PBAA  propellant. 

Two  check  burning  rate  measurements  ut  ;  .g  the 
coarse  PBAA  propellant  vere  made;  one  with  no  r  .rngen 
flow  and  one  with  such  nitrogen  flow  as  could  •  •  accomodated 
by  the  small  vacuum  pump  at  1/2  atmosphere  ch»mber  pressure. 
Ccsqiarlaon  of  these  ‘wo  rates  showed  them  to  be  equal 
within  the  experiisental  accuracy  of  the  burring  rate 
measurement  technique.  It  was,  ther  by,  ' mged  tliat  this 
small  nitrogen  flow  probably  did  not  affeii  burning  rate 


measurement  accuracy. 


-59- 


3 .  Procedure 

The  general  procedure  for  burning  rate  determination  was 
as  follows:  An  inhibited  strand  of  propellant  of  about  3-1/2" 
length  was  drilled  (No.  60  drill)  across  the  strand  width  about 
1/16"  from  one  end  of  the  strand  and  a  Nichrome  igniter  wire  of 
about  10"  length  was  inserted  into  this  hole.  Next,  a  1/8"  mounting 
hole  was  drilled  on  center  at  the  other  end  of  the  strand.  The 
strand  was  mounted  on  a  mounting  pin  on  the  strand  holder  in  the 
burner  chamber.  The  igniter  wire  ends  were  then  connected  to  two 
insulated  pins  provided  on  the  strand  holder  base.  Ignition 
circuit  continuity  was  checked  using  a  test  light  on  the  burner 
control  panel,  and  the  bell  cover  was  lowered  over  the  burner  base 
(a  thin  coating  of  silicone  vacuum  grease  was  always  used  on  the 
bottom  edge  of  the  bell  cover  and  was  cleaned  off  and  replaced 
before  each  series  of  firings).  Before  evacuation  of  the  chamber, 
the  propellant  strand  was  checked  to  have  its  front  surface  in 
focus  by  the  recording  camera  by  use  of  a  ground  glass  camera  slide 
in  the  film  plane.  Illumination  for  focussing  was  provided  by  a 
microscope  illuminator  lamp.  Then,  with  the  valve  to  the  small 
vacuum  pump  closed  and  with  the  air  bleed  and  nitrogen  bleed  valves 
closed,  the  large  vacuum  pump  was  used  to  evacuate  the  burner 
system  to  less  than  1.0"  Hg.  absolute  pressure.  Upon  attainment 
of  this  pressure  or  less,  the  large  vacuum  pump  line  was  closed 
off  by  means  of  the  valve  provided  in  it,  and  dry  nitrogen  was  bled 


intJ  the  system  to  a  pressure  of  at  least  1.0"  Hg.  below  atmospheric. 
The  evacuation  and  nitrogen- filling  processes  were  then  repeated  to 
further  purge  the  system  of  air  until  the  system  was  at  the  desired 
combustion  pressure.  At  this  time,  the  small  vacuum  pump  was  turned 
on,  its  line  valve  was  opened,  and  the  nitrogen- purge  bleed  valve 
was  adjusted  until  (with  the  small  vacuum  pump  drawing  on  the  burner) 
the  desired  combustion  pressure  (or  vary  near  it)  was  maintained. 

At  this  point  the  camera  timer  and  stopwatch  were  started, 
and  the  lamps  illuminating  the  stop  watch  and  grid  scales  were  turned 
on.  Before  Ignition  of  the  strand,  the  firing  number  was  recorded 
by  switching  the  recording  camera  on,  letting  it  photograph  several 
frames  with  a  run-number  card  placed  immediately  in  front  of  the 
stopwatch  face,  and  then  switching  the  camera  off  again. 

Ignition  of  the  strand  was  accomplished  by  passing  a 
current  through  the  igniter  wire.  When  the  propellant  burning  sur¬ 
face  had  regressed  to  a  point  slightly  above  the  top  of  the  recording 
camera's  field  of  view,  the  camera  was  switched  on  once  again  and 
allowed  to  sequence  photograph  until  the  surface  receded  out  of  its 
field  of  view.  During  this  time  interval,  chamber  pressure,  as 
indicated  by  a  mercury  U-tube  manometer,  was  monitored  visually, 
and  estimated  average  pressure  and  variations  from  it  during  the 
run  were  recorded.  After  the  strand  had  burned  completely,  the 
nitrogen  bleed  valve  closed,  and  the  small  vacuum  pump  was 
allowed  to  operate  until  chamber  pressure  was  again  reduced  to  less 
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than  1.0"  Hg.  absolute.  When  chamber  pressure,  reached  1.0"  Hg. 
absolute  or  less,  the  small  vacuum  pump  was  turned  off  and  the  air 
bleed  valve  opened  to  return  the  burner  system  to  atmospheric 
p'  ssure  for  the  loading  of  another  strand  for  the  next  run. 

Barometric  pressure  readings  were  taken  at  the  beginning 
and  end  of  each  day's  teats  or  at  least  every  two  hours,  whichever 
period  was  shorter. 

For  one  propellant  -  PBAA-AP  (75%,  188  microns)  -  the 
low  pressure  deflagration  limit  was  determined.  This  determination 
was  easily  effected  by  measuring  burning  rates  at  decreasing 
pressures  until  combustion  extinction  appeared  (visually)  imminent. 

A  final  test  was  then  made  without  the  previously-used  nitrogen 
flow  around  the  strand  but  with  the  small  vacuum  pump  still  in 
operation  so  as  to  decrease  the  chamber  pressure  slowly.  The 
deflagration  limit  reported  was  that  chamber  pressure  observed  at 
the  time  of  extincti  on  of  the  visible  flame  at  the  propellant 
surface.  No  continued  surface  regression  was  apparent  after  that 
time. 

4.  Measurement  Errors  and  Data  Reduction 

Burning  rates  were  determined  using  contact  prints  of 
the  film  record  of  burning  surface  displacement  vs.  time.  A  typical 
contact  print  sheet  is  shown  in  Figure  23.  In  this  figure,  the  stop 
watch  and  grid  scale  superimposed  over  the  burning  strand  image  are 
apparent.  Le£t-to-right  reversal  of  the  stop  watch  face  is  due  to 
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the  optical  system  arrangement  and  did  not  interfere  with  time 
determination.  Divisions  on  the  grid  scale  are  0.05"  apart  and 
the  usable  strand  image  length  can  be  seen  to  be  slightly  over  1.0". 

Since  the  grid  scale  and  front  surface  of  the  strand 
were  located  at  equivalent  focal  planes  (by  means  of  the  beam 
splitter),  regression  distances  of  the  strand  on  the  film  record 
could  be  read  directly  from  the  grid  scale  image.  These  distances 
were  always  measured  in  the  axial  direction  at  a  station  near  the 
midpoint  of  the  strand.  B>  this  tecunique,  it  was  estimated  that 
burning  surface  location  was  measured  to  the  nearest  0.01"  using  a 
hand  magnifier.  Thus,  by  using  two  frames  showing  a  burning  sur¬ 
face  displacement  of  approximately  1",  the  distance  regressed  could 
be  measured  with  a  maximum  error  of  about  27.. 

The  stop-watch -indicated  time  corresponding  to  each  frame 
was  also  read  directly  from  the  contact  print  of  the  film  record. 
Since  the  smallest  stopwatch  scale  division  was  0.1  second,  the 
sweep  hand  was  almost  always  stationary  during  the  1/50  second 
exposure  time  of  the  recording  camera,  and  times  from  the  two  frames 
used  for  burning  surface  displacement  measurement  could  be  read  to 
the  v.earest  0.1  second.  Therefore,  a  typical  run  at  approximately 
one  atmospheric  combustion  pressure  (with  a  burning  rate  of  about 
0.06"/second)  yielded  a  1"  displacement  of  the  burning  surface  in 
about  17  seconds.  Hence,  a  maximum  error  in  time  interval  of  about 
1.2%  could  be  expected  (with  lesser  percentage  error  -  down  to  about 
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O.27o  -  at  lower  pressures  due  to  the  lower  burning  rates  and  con¬ 
sequently  longer  burning  times). 

Each  burning  rate  film  record  was  checked  for  obvious 
abnormalties  of  burning  surface  orientation  or  shape  by  observation 
of  all  intermediate  frames  exposed  during  the  interval  between 
exposure  of  those  frames  actually  used  for  burning  rate  determination. 
Whenever  such  abnormalties  occurred,  they  were  noted.  The  constancy 
of  burning  rate  during  the  time  interval  involved  was  always  checked 
by  separate  burning  rate  calculation  for  the  first  and  second  halves 
of  the  total  Interval,  and  in  some  cases  by  checks  over  additional 
time  intervals.  In  almost  all  runs,  results  were  found  to  be  con¬ 
sistent,  and  only  a  small  percentage  of  the  runs  appeared  to  involve 
abnormal  combustion. 

As  has  been  noted  by  others,  an  appreciable  source  of 
possible  error  in  strand  burning  rate  determination  is  that  of 
tilted  burning  surface  (23).  This  is  true,  naturally,  of  both  fuse- 
wire-determined  burning  rate  measurements  and  photographically- 
determined  ones.  An  advantage,  however,  in  photographic  rate 
determination  techniques  such  as  that  employed  in  this  study  lies 
in  the  possibility  of  partial  correction  for  tilted  burning  surface 
errors.  The  correction  procedure  employed  when  necessary  in  this 
study  was  to  measure  burning  surface  inclination  in  each  intermediate 
frame  of  Che  photographic  sequence,  calculate  the  average  cosine  of 
Che  burning  surface  angle,  and  correct  the  nominal  burning  rate 


(calculated  by  the  normal  method  described  above)  by  this  factor. 

Since  it  is  apparent  from  the  camera  arrangement  used  that  burning 
surface  tilt  toward  the  side  of  the  strand  observed  by  the  camera 
may  be  difficult  to  detect  due  to  flame  luminosity  and  that  tilt 
away  from  that  side  cannot  be  detected  at  all  (without  the  use  of 
another  camera),  it  is  obvious  that  attempts  at  burning  rate  cor¬ 
rection  for  surface  inclination  were  not  complete.  Nonetheless,  it 
was  felt  that  such  partial  correction  as  was  possible  conveniently 
was  worthwhile  and  on  the  average  could  be  expected  to  correct 
burning  rates  for  up  to  half  of  the  error  possible  without  correction. 
Through  the  appropriate  geometrical  arguments,  this  error  (without 
corrections)  could  be  up  to  3.4%  for  surface  inclinations  up  to 
15^.  In  most  cases,  observed  inclinations  were  well  below  this 
value. 

As  was  mentioned  earlier,  chamber  pressure  and  pressure 
variations  (if  observed)  were  recorded  during  each  run  thus 
facilitating  estimates  of  possible  error  in  pressure  measurement. 

For  most  runs,  this  variation  was  less  than  1-1/2%  even  at  the 

lowest  chamber  pressures,  and  rarely  was  this  variation  greater 

than  3%.  Observed  short  period  fluctuations  of  pressure  as  well 

as  those  too  brief  to  allow  manometer  response  (due  to  siercury 

column  friction  and  inertia)  were  considered  to  be  negligible  in 

the  light  of  averaging  over  the  relatively  long  burning  periods  of 

the  runs.  Negligible  error  in  combustion  pressure  measurement  was  expected 


to  be  due  to  barometric  pressure  variations  since  careful  readings 
of  high  accuracy  (to  0.001"  Hg.)  were  recorded  frequently  using  a 
vernier-scale,  laboratory -type,  mercury  column  manometer. 

In  summary,  then,  the  tot^i.  error  in  burning  rate  determi¬ 
nation  by  the  technique  described  could  be  expected  to  be  less  than 
6-1/2%  particularly  at  lower  pressures  and  after  correction  for 
observed  burning  surface  inclination.  Errors  in  recorded  pressure 
were  estimated  to  be  less  than  1-1/2%  (at  low  pressures)  and,  in 
general,  were  probably  appreciable  lower  than  this  figure. 

5,  Results 

The  results  of  a  number  o^  subatmospherlc  burning  rate 
measurements  are  shown  in  figure  2^  along  with  corresponding  rates 
for  higher  pressures  measured  in  a  chimney-type  strand  burner*. 

The  sub-  and  super-atmospheric  rate  curves  are  seen  to  blend  smoothly 
indicating  insensitivity  of  burning  rates  to  the  details  of  the  burner 
construction.  Scatter  of  the  data  points  is,  in  general,  within 
the  6-1/27.  maximum  estimated  earlier  in  the  preceding  section. 

The  value  of  correction  foe  burning  surface  inclination 
as  described  in  the  last  section  can  be  seen  in  the  results  for  the 
PBAA -ammonium  perchlorate  fine  propellant.  Tilt  correction  appears 
to  reduce  scatter  and  to  bring  the  subatmospheric  results  in  line 
with  those  from  super-atmospheric  pressure.  Nonetheless,  the 

Sr 

This  burner  had  been  widely  used  in  the  past,  e.g. ,  for  Bastress* 
work,  with  no  reason  to  doubt  its  satisfactory  operatiem. 
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results  for  this  particular  propellant  must  be  viewed  cautiously 
since  burning  surface  inclination  was  frequently  high  (up  to  30®) 
with  almost  all 

As  indicated  on  the  plot  of  the  burning  rate  results 
(Figure  24),  the  lower  pressure  deflagration  limit  was  determined 
for  only  one  propellant. 

A  particularly  notable  characteristic  of  all  the  runs 
performed  with  both  propellants  was  the  production  of  appreciable 
quantities  of  whitish  smoke  in  the  burner  chamber  and  the  deposit 
of  some  of  this  smoke  on  the  glass  walls  of  the  chamber.  This 
smoke  was  not  so  dense  as  to  interfere  seriously  with  photographic 
burning  rate  determination,  but  it  did  cause  attempts  at  surface 
photography  via  external  illumination  to  fail  due  to  reflection 
and  scattering  of  the  artificial  illumination.  Similar  deposits 
during  vacuum  combustion  were  observed  by  Webb  (23)  and  both  white 
deposits  on  a  strand  burner  interior  and  white  "clouds"  in  the 
flame  zone  have  been  observed  above  atmospheric  pressure  during 
other  propellant  combustion  studies  (see  page  33  ). 


The  direction  of  this  tilt  was  observed  to  be  quite  random. 

Several  experiments  involving  addition  of  a  2-1/2"  diameter  hood 
to  the  exhaust  line  over  the  strand,  total  elimination  of  the 
exhaust  line  (inside  the  strand  burner  cavity  itself),  attempts  at 
artificial  inducement  of  tilt  by  leaving  one  strand  side  uninhibited 
and  unleached,  use  of  1/2"  square  strands  instead  of  the  usual  1/4" 
square  ones,  etc.  did  not  uncover  the  cause  of  this  burning  surface 
Inclination.  It  was  finally  thou^t  that  this  effect  must  be  due 
to  some  characteristic  of  this  particular  propellant  since  equally- 
fine  oxidizer  in  polysulfide-fuelled  propellant  (with  a  lower  fuel 
concentration,  however)  only  rarely  burned  with  an  inclined  burning 
surface. 


A  solution  of  the  deposit  from  the  burner  interior  was 
readily  made  in  both  distilled  water  and  in  a  sodium  hydroxide 
solution.  These  solutions  were  then  tested  for  the  presence  of 
chloride  ion  (standard  AgNO^  precipitation  test)  and  for  presence 
of  the  ammonium  ion  (NH^Cl  smoke  test  with  HCl  vapor  and  sodium 
hydroxide  solution  of  the  deposit).  Results  were  strongly  positive 
in  each  case.  Further  evidence  for  appreciable  ammonium  ion  in 
this  smoke  was  observed  in  the  strong  odor  of  ammonia  evident  upon 
opening  of  the  sodium  hydroxide  pellet  bed  in  the  burner  exhaust 
line. 

6.  Discussion 

The  results  of  the  burning  rate  measurements  of  this  study 
are  not  extensive  enough  to  provide  a  basis  for  firm  conclusions 
regarding  subatmospheric  composite  solid  propellant  coiabustion. 

Use  of  the  apparatus  can  easily  be  continued  in  order  to  produce 
further  data.  Nonetheless,  on  the  basis  of  current  data  and  obser¬ 
vations,  a  number  of  important  observations  and  speculations  can 
be  made. 

From  the  burning  rate  results  for  both  the  PBAA  and  poly- 
sulflde  propellants  tested,  there  is  still  no  clearcut  evidence  of 
the  rather  fast  convergence  of  burning  rate  curves  for  different 
particle  sizes  which  might  be  eiq|>ected  at  low  pressure  in  view  of 
■ass  diffusion  theories  on  oxidizer  particle  size  effects.  This 
point  should  be  elucidated  by  more  extensive  testing  of  subatmospheric 


preasure  burning  rates  for  particle-size-varied  propellants.  Howevor 
it  is  notab Lo  that  a  low  pressure  burning  rate  convergence  dis¬ 
crepancy  (previous  ly  discussed  with  respect  to  the  results  of 
liastrcss)  is  still  apparent  in  the  lower  pressure  burning  rates 
recorded  in  this  study.  Thus,  the  validity  of  this  discrepancy  as 
an  objection  to  current  concepts  of  mass  diffusion  effects  in 
composite  propellant  combustion  is  reinforced,  and  the  mechanism  of 
particle  size  influence  on  solid  propellant  burning  rate  is  still 
an  open  question.  Since  the  mechanism  of  particle  size  has  n-^t  yet 
been  concretely  related  experimentally  to  mass  diffusion  in  the 
unmixed  gas  phase,  it  is  worthwhile  to  conjecture  as  to  possible 
other  causes  of  burning  rate  depcKlence  on  oxidizer  particle  size 
and  distribution. 

•> 

It  is  obvious  that  the  presence  of  oxidizer  as  discrete 
particlss  within  the  fuel  matrix  requires  microscopically  Hinsteady 
burning  and  regression  of  tlie  burning  surface.  Adams  and  other 
workers  at  E.R.D.E.  in  the  United  Kingdom  (2^)  (32)  have  comnented 
on  this  likelihood  and  also  on  the  possibility  that  "the  assumption 
of  steady  state  flow,  the  attempt  to  make  the  problem  one -dimensional 
and  the  averaging  and  arbitral y  linking  of  processes  over  the  bvtrning 
surface"  may  not  be  sufficiently  realistic  to  allow  a  realistic 
solution  to  the  composite  propellant  burning  rate  problem.  An 
unsteady  combustion  process  might  well  necessitate  a  time -dependent 

or  time -averaged^  configuration  for  modelling  and  burning  rate 

^"Time-averaging"  in  this  cas..  must  be  done  with  the  nature  of  the 
unsteadiness  inherently  accounted  for  in  order  to  introduce  at  least 
its  effects  into  a  combustion  mechanism  formulation.  It  would  not 

be  sufficient,  therefore,  to  "time -average"  phenomena  in  the  sense 
of  any  current  burning  mechanism  theory  which  presumes  "quasi -steady" 
burning  or  "effectively  steady-state"  conditions. 
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artalysis.  To  date,  however,  no  such  analysis  has  been  reported. 

This  absence  is  understandable,  unfortunately,  considering  the  com¬ 
plexity  of  the  burning  propellant  configuration,  the  uncertainty 
of  the  existence  of  readily-modelled  controlling  processes,  and  the 
lack  of  detailed  knowledge  of  the  individual  propellant  component 
pyrolysis  phenomena  and  their  interplay.  Certainly,  a  more  complete 
knowledge  of  the  individual  pryolysis  processes  involved  would  be 
useful  in  attempting  to  eliminate  these  lacks.  It  is  in  this  light 
that  previous  work  on  pure  and  fuel-modified  ammonium  perchlorate 
deflagration  is  worthwhile  and  continued  efforts  at  further 
elucidating  the  mechanism  of  the  thermal  decomposition  of  ammonium 
perchlorate  appear  promising. 

Another  interesting  prospect  for  at  least  rationalizing 
a  description  of  particle  size  Influences  in  composite  propellant 
combustion  relates  to  observations  of  particle  size  effects  in  the 
thermal  decomposition  of  pure  ammonium  perchlorate  (29)(3U)(31) . 

It  is  quite  possible  that  suggestion}  of  perchlorate  decomposition 
control  over  burning  rate  at  high  combustion  pressures  (say,  1000 
psia  or  more)  apply  also,  at  leat  in  conjunction  with  oxidizer- 
fuel  reactloi*«  at  lower  pressures.  Hence,  it  might  be  speculated 
that  an  attempt  to  interject  particle  size  dependence  in  a  combustion 
mechanism  model  might  be  successfully  made  by  superln^osing  the 
solid  phase  decomposition  reaction  rate  relations  of  Hampel,  for 
exasiple,  (33),  on  a  simple,  unsteady  model  of  successive  pyrolysis 
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of  stacked  oxidizer  and  fuel  thicknesses.  Such  an  attempt  requires 
first,  preliminary  theoretical  studies  of  the  likely  trends  of  such 
a  model  and  second,  if  suitable  trends  exist  ,  experimental  study 
of  apparent  particle  size  effects  in  oxidizer  decomposition. 

A  further  speculated  origin  of  a  particle  size  dependence 
of  burning  rate  lies  in  the  area  of  heterogeneous  reactions.  Such 
reactions  have  been  postulated  to  bear  on  propellant  burning 
mechanism  (47)  and  probably  warrant  further  development. 

Aside  from  the  question  of  particle  size  effects,  the  results 
of  this  study  are  interesting  in  another  sense.  From  previous  sub- 
atmospheric  burning  rates  recorded  by  Mebb(23),  Silla  (24),  Powii.ng 
and  Smith  (23),  and  Barrorc  and  Nadaud  (46),  one  observes  that 
burning  rate  data  for  polyester-polystyrene  and  paraformaldehyde- 
fueled  propellants  show  burning  rate  pressure  indexes  very  nearly 
constant  at  a  value  of  unity.  The  slopes  for  the  PBAA  and  poly- 
sulfide-fueled  propellants  of  this  study  are,  however,  constant 
or  near-constant  at  about  0.7.  Previous  attempts  at  rationalizing 
the  relative  magnitudes  of  such  burning  rate  pressure  indices  have 
been  unsuccessful  and  no  particularly  useful  speculation  regarding 
them  can  be  added  at  this  time.  The  influence  of  fuel  binder  type 
nay,  however,  be  attributed  to  different  pyrolysis  rate  temperature 
dependencies  for  various  binder  types,  differing  fuel  voletiUtics, 
end  differing  fuel  pyrolysis  products  though  even  quslitstive 
descriptions  of  such  origins  of  binder  type  influences  are 
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essentially  unsubstantiated.  It  is  further  suggested  by  the  work  of 
Nachbar  on  pure  ammonium  perch  lorate  (21)  that,  near  their  low 
pressure  deflagration  limits,  solid  propellant  systems  may  exhibit 
changing  pressure  indexes  due  to  radiative  heat  loss.  Hence,  it 
is  possible  that  differences  in  index  due  to  fuel  binder  changes 
might  also  result  from  consequent  changes  in  burning  surface 
emissivity . 

7 .  Conclusions  and  Recommendations 

It  may  be  concluded  from  the  previous  results  and  discussion 
that  a  practical  apparatus  fc>r  determination  of  subatmospheric 
burning  rates  and  low  pressure  deflagration  limits  has  been  develop¬ 
ed.  It  has  been  found  chat  the  use  of  this  essentially  stagnant- 
environment  burner  is  unsatisfactory  for  photographic  observation 
of  the  burning  surface  (and  probably  for  spectroscopic  studies  as 
well).  Therefore,  extension  of  low  pressure  observations  beyond 
the  measurement  of  burning  rates  would  require  a  new  burner  arrange¬ 
ment.  It  appears  likely  that  the  most  promising  new  arrangement 
would  bo  one  using  a  continuously-purged  chimney-type  burner 
requiring  a  vacuum  system  and  product  gas  scrubber  of  high  mass 
flow  capability. 

In  light  of  the  current  results,  it  appears  that  existent 
theories  of  oxidizer  partizlc  size  effects  on  composite  propellant 
burning  rate  may  not  completely  explain  all  the  observed  phenomena, 
but  that  further  vacuum  burning  rate  data  would  help  to  clarify 


this  question  considerably.  The  burning  rate  particle  size  dependence 
results  of  this  study  as  well  as  the  previous  results  of  Bastress 
suggest  that  explanations  other  than  current  concepts  of  mass 
diffusion  might  be  worth  considering  in  an  attempt  to  explain 
oxidizer  particle  size  effects  in  composite  propellant  combustion. 

In  this  light,  it  is  recommended  that  simplified  theoretical  models 
of  unsteady,  step-wise  fuel  and  oxidizer  pyrolysis  be  investigated 
and  that  thermal  decomposition  be  carried  out  with  regard  to  particle 
size  effects  in  pure  ammonium  perchlorate  decomposition.  Little 
work  of  this  sort  has  been  done  previously,  and  no  previous  attempt 
at  comprehensive  treatment  of  such  particle  size  effects  has  been 
reported. 

Since  the  measured  low-pressure  burning- rate  pressure 
indices  of  this  study  (for  polysulfide  and  polybutadiene-acrylic 
acid  fuels)  are  notably  different  than  these  observed  at  low 
pressures  with  other  fuels,  it  would  appear  valuable  to  extend  low- 
pressure  burning  rate  studies  to  propellants  using  still  different 
fuel  binders  (e.g.,  polyurethane)  and  to  attempt  binder  type- pressure 
index  correlations  based  on  binder  structure.  Such  extension  might 
give  some  insight  into  the  chemical  kinetic  aspects  of  propellant 
fuels  since  chemical  kinetic  effects  are  expected  to  predominate  at 
low  combustion  pressures. 

Considering  the  possible  importance  of  the  white  smoke 

« 

observed  at  low  combustion  pressures,  it  would  appear  that  low 
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pressure  combustion  may  represent  a  different  burning  mechanism 
regime  than  that  of  higher  pressures.  This  is  particularly  possible 
in  the  light  of  recent  experiments  at  this  laboratory  involving  so- 
called  "flameless  combustion"  at  subatmospheric  pressures  (48) •  It 
is  recommended  that  a  useful  first  step  toward  further  understanding 
of  this  possibility  could  be  made  by  more  careful  chemical  analysis 
and  investigation  of  both  the  white  smoke  observed  and  the  gaseous 
products  of  combustion  formed  during  low  pressure  burning.  This 
should  be  carried  out  with  respect  for  the  fact  that  the  observed 
smoke  may  be  solid  ammonium  chloride,  condensed  ammonium  perchlorate 
following  sublimation,  or  a  mixture  of  the  two.  The  possibility  of 
its  being,  at  least  in  part,  condensed  ammonium  perchlorate  is 
particularly  interesting  with  respect  to  the  combustion  mechanism 
implications  of  such  a  vapor  pressure-controlled  sublimation- 


recondensation  process 
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APPENDIX  A 


1.  Background 

Analysis  and  specification  of  the  so-called  "resolving  power" 
of  optical  systems  Is  at  best  Imperfect  and  rather  arbitrary.  Traditionally, 
the  resolving  power  of  optical  system  components,  e.g.,  single  or  compound 
lenses,  films,  etc.,  has  been  specified  as  the  empirically-determined 
ability  of  a  component  to  image  (or,  to  record,  in  photographic  systems) 
discrete  lines  of  known  spacing  locateu  at  the  conjugate  of  the  optical 
system's  focal  plane.  Typically  this  specification  Is  determined  even 
at  present  by  photographing  test  charts  containing  groups  of  black  lines 
on  %dilte  or  gray  backgrounds  with  each  group  having  different  line 
spaclngs.  Use  of  high  resolution  film  allows  lens  resolving  powei  to 
be  determined  as  that  line  spacing  (usually  specified  in  lines  per  mm.) 
which  Is  just  distinguishable  as  individual  lines  by  mlcrodensltoneter 
measurements  on  a  photographic  negative.  Similarly,  use  of  high  resolution 
lenses  has  allowed  determination  of  the  resolving  power  of  most  films 
in  terms  of  resolved  line  spaclngs.^ 

Interest  in  lens  resolution  led  to  development  of  various  types 
of’  lens  and  film  testing  apparatus  and  techniques  recommended  end  used 
by  Individual  photographic  and  optical  laboratories  and  also  by  the  U.S. 
Bureau  of  Standards  (A-2).  No  well-defined  standard  test  cmiflguratlon 
has,  however,  been  accepted  as  a  standard  for  such  resolution  tests,  ^e 

notable  example,  evidencing  the  difficulties  of  this  procedure.  Is 
that  of  Kodak  High  Resolution  Plate  which  has  such  high  resolution  that 
currently  only  a  lower  limit  of  its  resolving  power  Is  quotable  (A-1). 


result  has  been  that  many  film  manufacturers,  camera  makers,  etc.  have 
specified  resolving  power  of  components  in  terms  of  the  spacing  of  lines 
resolved  but  typically  in  diverse  optical  photographic  situations.  See 
References  (A-3),  (A-4),  and  (A-S)  for  examples  of  test  results  and 
specifications. 

One  of  the  reasons  for  lack  of  a  widely-accepted  standard 
resolution  test  is  that  the  concept  of  specifying  optical  component 
resolving  power  in  terms  of  line  spacing  has  long  been  a  subject  of 
controversy.  It  is  clear  that  measured  optical  resolving  power  as  em¬ 
pirically-determined  from  images  of  spaced  line  groups  is  neither  an 
absolute  measure  nor  an  incontrovertible  specification  of  the  capability 
of  an  c^tical  system  to  provide  "usable**  image  detail,  ^le  measured 
resolving  power  of  a  lens  has  long  been  known  to  depend  rather  profoundly 
upon  position  of  the  resolution  line  chart  in  the  optical  system  field 
of  view,  test  chart  contrast,  lighting,  line  separation  (at  a  given 
spacing),  test  chart-to-lens  distance,  lens  a^rature,  relative  lens  and 
film  resolving  powers,  film  type  and  processing,  and  other  factors. 

It  has  always  been  clear  that,  though  test  method  standardi¬ 
zation  allows  relative  resolution  rating  and  specifications  by  comparison, 
it  is  not  by  any  Mans  an  **absolute"  or  even  well-defined  steasure  of 
"useful**  <^tical  component  resolving  power.  ^ 

T" 

In  fact,  even  the  conc^t  of  resolution  specification  via  line  spacing 
is  ^ita  arbitrary  considering,  for  example,  the  equally-valid  use  of 
raaolved  separation  of  point  sources  of  light  common  in  telescopic  or 
diffraction-limited  <vtical  systesui  (a  procedtnre  which  in  most  cases 
does  not  give  resolving  power  spccificatiMis  which  ere  simply  relatabls 
to  corresponding  line  spacing  resolving  power  measurements). 
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In  recent  years,  the  desire  for  a  more  rational  and  less 
arbitrary  measure  of  optical  resolving  power  has  led  to  the  introduction 
of  sew  concepts  in  optical  system  resolution  analysis.  New  terms  such 
as  "point-  and  line-spread  function",  "modulation  transfer  function", 

"sine  wave  response",  etc.  have  entered  the  optical  engineers'  and 
photographers'  vocabularies.  Reference  to  tnese  terms  has  largely 
siq>planted  reference  to  optical  resolution  in  terms  of  "resolved"  line 
spacings. 

A  new  technique  for  measuring  and  specifying  film  and  lens 

resolving  power  has  now  become  established  enough  to  warrant  its  use  in 

film  resolution  specifications  by  the  largest  film  manufacturer  in  the 

United  States  (though  such  specifications  are  not  readily  available  from 

other  manufacturers).^  At  least  until  recently,  however,  only  one  lens 

manufacturer  routinely  tests  by  this  method  and  makes  such  test  results 
2 

public  .  Consequently,  the  new  technique  is  of  limited  practical  benefit 
to  the  photographer,  engineer,  or  scientist.  The  new  concept  Involved 
is  typically  referred  to  as  measuring  the  "sine  wave  response"  or 
"sMdttlatioa  transfer  function"  (terms  adopted  from  control  theory)  of  a 
lens,  film,  processing  procedure,  or  coa^lete  optical  system  and  photo- 
gra^ic  process.  Both  the  concept  and  its  details  have  been  discussed, 
reviemad,  and  developed  rather  extensively  in  the  photographic  and  optical 
litorature.  It  provides  a  more  satisfactory  approach  to  questions  of 

teferoace 

wkchallonged  statement  by  Schneider  representative  at  a  Society  of 
Photosraphic  and  InstrasMHitatloo  Engineers  aweting. 


optical  resolution  only  at  the  expense  of:  first,  greater  complexity  of 
optical  component  description,  and,  second,  information  inputs  corres¬ 
ponding  to  specific  optical  components.  Thus,  the  "modulation  transfer 
function"  approach  is  not  amenable  to  general  studies  aimed  at  outlining 
trends  and  optimum  configurations  for  a  desired  photographic  instrumen¬ 
tation  task.  For  these  reasons,  no  further  review  of  discussion  of  this 
resolution  analysis  approach  is  presented  here.  Some  references  on  the 
concept  and  techniques  of  the  approach  are  noted  in  the  accompanying 
partial  bibliography  ((A-7)  to  (A-10)). 
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II.  Analysis 

A.  Introduction 

The  complexity  and  lack  of  generality  of  the  intellectually- 
pleasing  (but  relatively  intractible)  “modulation  transfer  function" 
approach  to  optical  system  resolution  analysis  appeared  of  little  value 
for  the  design  pfr.'-'^  Jen  inherent  in  solid  propellant  surface  photography. 
On  the  contrary,  it  appeared  reasonable  (for  preliminary  design  purposes) 
to  investigate  the  influence  of  optical  system  parameters  on  resolution 
via  the  old  (and  admittedly  imperfect)  notions  of  resolving  power  and 
“depth-of-field"  in  terms  of  resolved  line  spaclngs, “circles  of  con¬ 
fusion",  etc. 

The  envisioned  purpose  of  this  analysis  was  to  attempt  to 

determine: 

(1)  the  feasibility  of  fine  detail  observations  on  a 
solid  propellant  burning  surface,  and 

(ii)  the  extent  of  necessary  trade-offs  in  resolution 
vs.  depth  of  field  as  applied  to  solid  propellant 
burning  surface  observations. 

The  analysis  was  carried  out  consistent  with  the  concept  of  a  photo- 
optical  transformation  (by  an  imperfect  optical  system)  of  infinitesimal 
lig^t  sources  (at  arbitrary  locations  in  the  object  space)  to  areas  of 
finite  dimension  in  the  image  plane.  After  transformation  back  to  the 
object  space  via  a  fictitious, perfect  optical  system,  the  scale  of  such 
a  finite  area  then  corresponds  to  a  minimtas  resolved  object  scale. 

Mathematical  relations  involving  these  point -source  image 


scales  include  the  specification  (via  several  different  conceptual  routes) 
of  contribution,  to  image  degrada t ’ on  from  several  different  sources. 
Diffraction  effects  are  specified  by  reference  to  the  well-known 
Fraunhofer  diffraction  pattern  (dealing  with  circular  diffraction  patterns 
in  the  image  plane  and  point  light  sources  in  the  object  plane  (A-ll)). 

The  effects  of  film  and  optical  component  aberrations  are  specified  to¬ 
gether  in  the  analysis  as  of  a  scale  equal  to  the  inverse  o£  a  resolving 
power  specified  i.>  terms  of  a  "resol.'ed"  line  spacing.  Geometrical 
optics  depth-of-f ield  effects  are  specified  by  a  characteristic  dimension 
equal  to  the  diameter  of  the  circular  intersection  of  the  image  plane 
and  a  paraxial,  conical  bundle  of  light  rays  from  a  point  source  in 
the  object  space.  These  various  scales  of  image  degradation  are,  in 
this  analysis,  added  together  to  specify  an  overall,  combined  scale 
of  resolution  as  a  function  of  object  displacement  from  the  plane  of 
perfect  focus^.  It  must  be  noted  that  these  individual  contributions 
are  from  sources  of  different  natures  and  should,  therefore,  be 
viewed  cautiously  as  approximate  dimensional  scales  (in  numerical 
results)  rather  than  as  absolute,  well-defined,  physically-signif leant 
dimensions, 

^Alternative  approaches  might  involve  a  combined  scale  equal  to  the  square 
root  of  the  sum  of  squares  of  these  various  dimensional  scales,  or,  more 
complicated  yet,  an  attempt  to  inject  radiant  energy  flux  distributions 
from,  for  example,  the  Fraunhofer  diffraction  pattern.  Such  more  compli¬ 
cated  approaches  were  deemed  unjustifiable  in  light  of  the  preliminary, 
approximate  nature  of  the  desired  analysis. 


Another  cause  for  caution  In  interpreting  the  numerical  results 
'  ’  the  following  analysis  Is  the  lack  of  a  clear-cut  and  usable  definttit>n 
of  just  whav  constitutes  "resolution”  in  a  practical  sense  (say,  that 
of  observing  individual  oxidizer  particles  in  detail).  It  is  well- 
knoi^  that  an  individual  object  can  be  sensed  visually,  for  example, 
without  sufficient  detail  being  ooserved  to  allow  actual  Identification 
of  fiiC  object.  Identification  of  details  in  optical  images  depends  on 
a  complex  Interplay  between  factors  characteristic  of  both  the  optical 
system  employed  and  the  nature  of  the  object  viewed  (e.g.,  object 
geometry,  brightness,  and  contrast).  Individually,  these  factors  are 
incompletely  understood,  and  together  they  form  the  subject  of  "object 
recognition",  an  active  area  of  current  research  effort.  Typical  of 
analysis  involving  such  complexity,  the  following  one  presumes  a  limiting 
case,  i.e.,  it  is  assumed  arbitrarily  that  an  object  of  dimension 
smaller  than  that  corresponding  to  the  dimensional  scale  of  the  image 
of  a  point  source  cannot  be  considered  as  "resolved".  In  rather  abrupt 
and  arbitrary  contrast,  the  analysis  further  presumes  that  objects 
larger  than  this  scale  can  be  observed  in  some  detail,  and,  henc,e, 
considered  "resolved".  Thus,  the  analysis  employs  an  artificially 
well-defined  dividing  line  between  "resolved"  and  "unresolved"  object 
scales.  Nonetheless,  this  arbitrary  dividing  line  Is  of  some  usu  for 
qualitative,  parametric  studies  and  of  some  promise  for  useful  order- 
o£-mugnltude  quantitative  results. 
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B.  Derivation 

1.  Characterization  of  Film-Optical  Aberration  Effects 

1 


Let: 


‘‘f-O  ’  S-0  Lj,  „ 


where  Cp_Q  a  constant  of  proportionality.  Assuming,  for  simplicity, 
that  Cp_Q  =  1  ,  then: 


F-0 


T-0 


(A-l.l) 


2,  Characterization  of  Diffractive  Effects 

Considering  diffraction  by  a  circular  aperture  via  the  Fraun¬ 
hofer  diffraction  pattern  approach  (A-ll)s 

M 


djj  *■  ^ ^ ^^0  M  «  0.61a. 


N 


sin(tan"^-^) 

2Xi 


lA-2.1] 


Since  typically:  «  I  ,  then:  SIN[TAn"^  -jf”!  ^  2!”  lA-2.2] 


Therefore;  d^  *  O-filTT 


2X. 


Aq  2MX 

-  0.61X 


a 


d_  af  1.22XF 
D 

3.  Characterization  of  Geometric  Effects 


lA-2.3] 


a 


2X 


From  geometric  optics,  for  1  ;  (^X  2X  ’ 

a*— la  12  1  1 

—  -  TAN  )  and  for  paraxial  rays  (A- ’2); 


2X, 


V 


A 

n  aM-dg 

A.  ^ 

^  "  aMHi„ 


lA-3.11 
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Letting: 

Then: 

A!  A,+ 

A  OB  rl  V 

^aM-d.  aS537^ 

G  G 

A  »  dgXj 

But: 

*2 

and  P  *  “a" 

[A-3.2] 

Then : 

2 

l-(VaM)^ 

Therefore: 

2<i  P 

tA-3.31 

or:  ‘‘g  “  ^  aM  2Xj  »  2X2  ^  [A-3.41 

4.  Combined  Characterization  of  All  Image -Degrading  Effects 

Clearly:  ‘‘e  “  $  ’  ‘*F-0  ’ 

For  simplicity,  consider  a  linear  combination  of  effects: 

*^2  "  Vg  Vo’^-o  Vd 

where  the  coefficients  a^  ,  a^^Q  ,  aj^  represent  the  relative  contri¬ 
butions  to  image  degradation  by  the  three  assumed  sources  and  are 
assumed  to  be  constants. 


Let: 

Substituting  from 


r,A-l.2l,  tA-2.31 


Vg^-oS-o^d*S) 

M 


,  and  [A-3.4]  into  [A -4.2]: 


,M^A*G 


•f-O, 


-  +  1.22XFa_  +  |“)/M 


S-C 


[A-4.21 
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or; 


A  => 


a 

1.22XF  “  - 


^-0  1  .  ^ 

h-0 


tA-4.3] 


A  can  now  be  assumed  equivalent  to  D  ,  the  axial  object-space  distance 
from  the  plane  of  perfect  focus  over  which  detail  of  scale  d^  can  be 
resolved.  Twice  this  distance,  2D  ,  then  describes  the  total  object 
space  distance  over  which  d^  is  resolved.  (The  symbol  2D  is  r»tained 
rather  than  being  redefined  in  order  to  accent  the  displacement  notion 
involved) . 

Ih.r.fo..:  2D  -  (i)(f)d^  -  0.61  (2)  1  ^ 


It  is  notable  that  the  effect  of  the  terms  correspcrding  to  optical 
aberrations  (and  film  effects)  and  diffraction  effects  has  been  to 
decrease  the  effective  "depth-of -field”,  2D  ,  (over  which  dj^  is  re¬ 
solved),  to  less  than  that  predicted  on  a  geometric  optics  basis  alone. 

It  is  further  noteworthy  that,  excepting  the  term  resulting 
from  film-optical  aberration  effects,  2D  in  Equation  [A-4.4]  depends 
only  on  the  parameters  F  and  M  via  their  ratio  F/M  .  The  contri¬ 
bution  of  the  film-optical  aberration  term  is  seen  to  depend  also  on 
“t-  Q  but  not  on  c  alone.  Henoe,  a  natural  choice  of  variables  for 
the  2D  vs.  d||  relation  is  F/M  (or  2F/H)  and  ML^^q  (rather  than 
F  ,  M  ,  and  individually). 

The  cliaice  of  2F/N  as  a  variable  is  especially  attractive 

*n  *»  0 

since,  for  large  d^^  (relative  to  dp  and  dy_p  )  ,  2D 
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approaches 
the  ratio 


M  a 
1  “ 

2F/M  . 


,  and  hence,  2D(d  )  depends  in  the  limit  only  on 
N 

Thus,  the  expression: 


2Fd„ 


lA-4.51 


expresses  the  ultimate  maximum  object  distance,  2D  ,  over  which  d^ 
may  be  resolved  at  a  given  value  of  2F/M  and  is  the  asymptote  of  any 
other,  more  complete  expression  for  2D(djj)  accounting  for  other  types 
of  image  degradation.  Equation  [A-4.5]  is  represented  graphically  in 
Figure  A-l  for  several  values  of  2F/M. 


Considering  next  the  effect  of  the  diffraction  term. 


a. 


D  2F  2 

0.61  (— )(^)  X  in  Equation  (A-4.4),  it  is  clear  that  another,  lesser 
®G  " 

limit  on  2D(d,^)  is  imposed  if  diffraction  is  considered.  This  limit, 
though  lower  than  that  expressed  by  Equation  [A-4.5],  still  depends  only 
on  the  variable  2F/M  .  Thus,  a  single  curve  (below  that  representing 
Equation  [A-4.5])  appears  for  each  value  of  2F/M  on  the  2D  vs.  d^ 
plane  corresponding  to: 


*D  2F^  1 

20  -  g-a  -  0.61  ^  (f)X  i  aojj,,  IA^.61 

Several  curves  representing  this  limit  are  shown  in  Figure  A-2. 

Finally,  the  effects  of  film-optical  aberrations  enter  into 
Equation  [A-4.4)  decreasing  2D(d^)  even  farther.  Since  it  has  been 

^ia  obviously  corresponds  physically  to  the  predominance  of  geometric 
image  degradation  (in  the  noraml  photographic  "depth-of -field"  sense) 
over  diffractive  and  film-optical  aberration  effects. 
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assumed  here  that  these  effects  are  characterized  by  a  constant  scale 
at  the  Image  plane,  d^  q  ,  the  object  scale  to  tdiich  they  correspond, 
dp^o/**  introduces  a  dependence  of  ZDCd^^)  on  MLp_Q  (In 

addition  to  Its  previous ly-dlscussed  dependence  on  the  ratio  2F/M)# 

Thus,  for  a  given  value  of  2F/M  ,  different  values  of  0  (and 

therefore,  of  F  )  result  In  a  family  of  curves  In  the  2D  vs.  d^  plane, 
each  curve  lower  than  that  expressed  by  Equation  (A-4.6]  (and  by  Equation 
[A<*4.S],  of  course).  Several  curves  of  these  families  representing  the 
coiiq>lete  relation  (A>4.41  are  shoyn  In  Figure  A-3. 

An  upper  limit  on  2D(d^)  clearly  exists  for  given  values  of 
X  ,  *  a^  ,  ~  ,  since,  oiaximlzlng  2D  with  respect  to  2F/M 

h-0  ®  ‘c  •<; 

and  taking  the  limit  as  M  approaches  •«»  : 


11m 


^  ’  ™«it. 


lA-4.71 


Equation  (A-4.7]  appears  In  Figure  A~3  as  the  singular  solution  I^F*^ 
and  Is  further  shown  numerically  In  Figure  A-4  where  Is 

plotted  versus  with  X  as  a  parameter. 

Further,  as  ml^t  be  expected  from  the  linear  lamge  degradation 
model  employed  here  and  from  the  vertical  asymptotes  of  Figure  A-2,  a 
mlnimtas  dj^  is  indicated  for  2D  approaching  sero: 

lim  dy)  •  0,61  ^  11*^  5  (O  lA-4.81 

^  «  *0  ^  *0  ^  *G  *®t-0  *0  ^lin 


2D  0 
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^Vniln. 
-G-1  • 


is  shown  ntsnerlcally  versus  2F/M 
a  a_  A 

~  •  "  -  — ■  1  ,  and  A  «  O.SSSfi 

a,.  a^ 


in  Figure  A-5  for  the  case: 

with  —  **  *  paraiseter. 

“t-O 


C.  Results 

The  results  of  the  preceding  analysis  are  essentially  represent¬ 
ed  In  Figure  A-3.  This  figure  represents  the  effects  of  limited  variations 

in  F/M  and  (for  a  typical  value  of  a  as  well  as  for  assusMd 

a_  ^F-0 

values  of  a_  ,  —  ,  and  of  unity).  The  figure  graphically 

®  *G  *G 

portrays  several  pertinent  aspects  of  the  photonacrographic  resolution  - 
"depth-of-f ield"  problem. 

From  Figure  A-3,  it  is  obvious  that  diffraction  and  film- 
optical  aberration  effects  result  in  a  serious  decreswnt  in  the  extent 
of  the  object  space  within  which  small  particles  can  be  expected  to  be 
resolved,  i.e.,  classical  calculations  can  be  expected  to  overestimate 
"dcpth-of-field“  considerably  at  resolution  scales  on  the  order  of  typi¬ 
cal  small  solid  propellant  ox id iser  sixes  (5  to  30  microns).  In  fact, 
the  steep  approaches  of  the  curves  of  Figure  A-6  to  D  •  0  at  a  finite 
indicate  a  finite  resolution  lisiit  due  to  diffraction  and  film- 
optical  aberration  effects. 

The  particular  characterisation  of  these  effects  which  were 
employed  in  the  analytical  trcatsMnt  suty,  in  tlwir  necessary  a  imp  lie  ity, 

be  iimulficlettcly  realistic  due  to  the  sensitivity  implied  by  the  steep 
approadt  to  D  >  0  at  finite  d||  .  It  is,  for  pxample,  quite  possible 
that  s  root  sMsn  square  addition  of  these  influences  (rather  than  the 
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linear  calcination  of  Equation  (A-4.1])  would  result  in  appreciably 

(and  therefore,  for  2D(d  )  near 

fl 

these  limits).  Similarly,  an  attempt  to  deal  in  greater  detail  (and 
with  considerably  greater  analytical  complexity)  with  the  actual  spatial 
distributions  of  radiant  energy  flux  resulting  from  these  effects  (by 
adding  image  degradation  contributions  differentially  and  integrating 
spatially)  would  probably  give  somewhat  different  results.  A  finite 
resolution  limit  would  nonetheless  still  be  observed  to  result  from  any 
such  analytical  approach. 

As  sensitive  as  the  nummrical  results  of  Figure  A*3  may  appear 
to  be  to  effects  which  were  but  crudely  approxisiated  in  the  analysis,  it 
must  be  allowed  that  these  predicted  relations  are  quite  likely  opti* 
mistic;  real  systems  with  corresponding  nominal  values  of  the  various 
parameters  dealt  with  in  this  analysis  are  quite  likely  to  eidiibit  less 
resolution  than  the  nusMrical  results  of  the  analysis  indicate.  Opti¬ 
mistic  results  are,  however,  quite  within  the  spirit  of  the  analysis. 

In  that  trends  md,  in  an  order -of  *«agnl  code  sense,  the  nuswrical  values 
still  have  use  in  attesqiting  to  Judge  ^tographic  csstcept  feasibility 
and  In  the  early  atages  of  system  design. 

With  the  preliminary  optical  system  design  purpose  of  the 
analysis  in  mind,  it  is  useful  to  consider  typical  orders  of  magnitude 
of  the  various  paraswters  and  variables  which  are  pertinent  to  the 
resolution  vs.  **j^th-of-field*'  problem. 

the  numerical  calculations  expressed  by  Figures  A-2,  A-3,  and 


different  limiting  values  for  d^ 
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D  . 

A-5  were  carried  out  for  value*  of  A  «  0.555  microns  and  ^ 

G 

s  Xhe  value  of  X  chosen  is  reasonable  since  visible  light 

*G 

photography  is  much  easier  experimentally  (focussing,  etc.), since  visible 

ll^t  optics  and  films  are  readily  waiUble  in  great  variety,  and  since 

typical  light  sources  are  of  color  temperatures  giving  reasonable  effl- 

ci^cies  in  the  visible  li^t  spectrum.  Values  of  the  coad>ining  parameters 

^  and  %»ere  cho*«»  as  unity  due  to  lack  of  a  better  value 

®  *  *C  *  *C 

aiMl  due  to  the  presissptiwi  that  within  the  usable  range  of  operating 
situations  the  detail*  of  image  degradation  effects  are  relatively  un¬ 
important.  This  ,,.eaumptloo  could  only  be  validated  by  an  experimental 
or  analytical  study  well  beyimd  the  scope  Justifiable  by  the  purpose  of 
this  analysis. 

A  typical  value  of  the  combined  film-optical  system  aberration 
scale  parameter,  1^^  »  '*•*  rbosen  as  an  example  for  Figure  a-3.  This 
value  represents  a  likely  upper  limit  of  practically  attainable  systems. 

It  ml^t  be  viewed,  for  example,  a*  resulting  from  a  linear  combination 

of  scales: 

wlMre  the  optical  and  film  effects  are  now  separated.  In  these  terms, 
1^^  at  100  lineitne,<s  retlonallsable  based  on  a  typical  fine-grain 
photographic  emulsion^  •  lAO  lines/M.,  and  a  rather  optimistic  hlgh- 
fuality  photographic  lens  specification,  ••  350  lines/ms. 

yjpplcml  usable  values  of  F  and  M  are  eossndist  less  clearly 

Htodak  Fanatomic-l  (geference  A-1  ). 


I 


'k 
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indicated.  Usable  focal  length  photographic  lenses  of  Mgh  resolution 

t 

are  of  apertures  such  that,  generally,  5  <.  F  ^  100.  A  reasonable 

Y 

minimum  approach  distance  to  a  burning  propellant  sample,  say,  2"<  ^ 

requires  that  f  >  2”.  A  reasonable  maximum  optical  system  length  is 

X.,  +  X,  -  200”,^  Then,  (M)  =  x,/f  .  200"/2*’  -  100.  Since  M  -  1 

1  z  maximum  z 

is  a  reasonable  lower  limit  on  M  ,  then,  with  F  «  (M+1/M)F'  ,  10<  F  <100. 
Aus,  reasonable  values  for  F/M  are:  0. 10<  F/M  <  100.  It  is  clear, 
however,  that  if  several  oxidizer  particles  are  to  be  viewed  on  a  burning 
surface: 


and,  therefore 


1  to 


M. 

H 


0.5  to  5  ^ 

Actually,  the  approximations  of  the  preceding  first-order  analysis  required 

that  I  «*«*.  therefore,  that  2F/M  1  .  This  requirement, 

1 

therefore,  implies  that  2F/M  ^  10  or  F/M  >  5  which  thereby  places 

a  minimum  value  requirement  (for  the  purposes  of  this  analysis)  on  F/M 

which,  though  slightly  higher  than  that  deduced  on  the  preceding  grounds 

is  not  so  far  above  the  reasonable  20/d^  >  O.S  to  5.0  requiresient  as 

to  provide  a  amjor  problem  in  a  discussion  of  trends  and  orders -of -^Hafoitade. 

In  summary,  therefore,  reasonable,  attainable  <thoagb  sometihat 

optiaiistic)  values  of  the  various  optical  system  parameters  are: 

X  «  0.5S5  micfiooa (baaed  on  oporational  ease,  lens  and  light 

source  speclficatioos,  and  visual  focussing 
reqntrements) 

^It  moot  be  all<M*ad,  homever,  dint  diis  is  not  a  seriooe  or  fundamental 
limit  Md  may  be  exceeded  in  design. 


3 , 


i 
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®D  ®F-0 


(as  a  reasonable,  though  uncertain  approximation) 


Lp_Q  ^  100  lines/nsn.  (based  on  typical  hlgh^resolution 

lens  and  film  resolving  powers) 

and:  5  $  F/M  ^  100  (maximum:  based  on  a  reasonable  approach  distance 

to  sample) 

or:  10^2f  /M  ^  200  (minimum:  based  on  a  required  resolution  of  at 

least  several  particles) 

Viewing  the  numerical  results  of  the  preceding  first-order 
analysis  with  respect  to  these  values  of  parameters  and  variables,  then, 
it  becomes  apparent  that  useful  burning  surface  photographs  of  solid  pro¬ 
pellent  samples  are  probably  feasible,  Hopes  for  detailed  views  of 
more  than  a  few  individual  small  oxidizer  particles  are,  however,  unsup¬ 
ported.  Clearly,  it  is  unlikely  that  more  than  one  or  two  particles  of 
scale  10  microns  or  less  can  be  viewed  at  a  given  time,  but  that  an 
appreciably  large  field,  say,  10  particles  in  depth  can  be  viemd  if  the 
minimum  particle  size  of  interest  is  larger,  say,  20  to  SO  microns. 

With  these  magnitudes  in  mind  the  optical  system  described  in 
Chapter  Two  was  assembled.  Its  final  desigti  and  the  lighting  used  with 
it  would  be  predicted  on  the  basis  of  the  foregoing  analysis  to  be 
proxies tely  represented  by  the  2l>-d^  plots  shown  in  Figtare  A-6. 


NOMENCLATURE 


d  »  dimensional  image-plane  scale  of  the  distance  between  two  point 

^  source  objects  Just  resolved  despite  diffraction  at  a  circular 

aperture. 


d_  Q  *  dimensional  Image-plane  scale  (of  a  point  source  object)  due 
to  the  combined  effects  of  optical  system  image  degradation 
(chromatic,  spherical  aberrations,  etc.)  and  film  resolution 
(due  to  emulsion  thickness  and  granularity,  etc.) 

d„  =  dimensional  image-plane  scale  (of  a  point  source  object)  due  to 
geometrical  optics  effects  of  an  object  location  displaced  from 
the  plane  of  perfect  focus  (conjugate  of  the  photographic  film 
plane) 


total  dimensional  image-plane  scale  (of  a  point  source  object) 
due  to  all  causes  of  image  degradation 


d„  =  minimum  dimensional  scale  of  "resolved”  object  detail 
M 

D  a  axial  distance  (over  which  Djj  is  "resolved")  on  either  side 

of  the  plane  of  perfect  focus 

.  .  ^image  scale  at  film  plane. 

M  =  nominal  optical  system  magnification  (object  scale  at  plane '0^'" 

perfect  focus 


A 


object  displacement  from  the  plane  of  perfect  focus  (A^  *  dis¬ 
placement  toward  lens;  A^  s  displacement  away  from  lens) 

effective  focal  length  of  ontical  system^ 

diameter  of  effective  aperture  of  optical  system^ 

axial  distance  from  object  plane  to  lens^ 

axial  distance  from  lens  to  image  plane^ 

nominal  optical  system  F-stop  (  *  — ^  ) 

3 


F  =  effective  optical  system  F-stop  (  ■  f'(M+1)) 


N  =  "numerical  aper*-ure"  of  optical  system  (  «  - 5 — jpj — ^) 

i'>  presumed  that  all  complex  optical  systems  can  be  considered  as 
equivalent  in  these  terms  to  a  single,  simple  lens  system. 
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li 


^-0 


n  index  of  refraction  of  object  and  image  spaces 

«  wavelength  of  light  ^  vacuo 

s  wavelength  of  light  in  object  and  image  spaces 

s  minimum  line  spacing  of  "resolved"  image  (in  the  traditional 
resolution  chart  sense)  after  film  and  optical  image  degradation 
but  excluding  diffraction  effects. 
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Depth  of  Field  vs  Resolved  Scale  (Considering  Geometric, 
Diffractive  and  Fllm*Optlcal  Aberration  Effects) 


2D 


ULT  vs 


[Equation  A-A.7] 


<v 


vs 


MIN. 


2F 
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Figure  A-6  Depth  of  Field  vs  Resolved  Scale  ("or  Assembled  Optical  System) 


DEPTH  OF  FIELD  V8  RESOLVED  SCALE 
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FIGURE  A- I 


DEPTH  OF  FIELD  vs  RESOLVED  SCALE 


40  AS 
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(MICRONS 
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DEPTH  OF  FIELD  vs  RESOLVED  SCALE 


VLTIIIATC  limit  of  tens  (F'*8.i) 

AT  MAXIMUM  AVAILAOLC  MASMIFlCATlOfl  CM*ltl 
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